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The increasing trend of air-conditioning energy consumption causes financial 
burden and high carbon dioxide emissions to especially hot climate countries. 
Exploration for energy-free heat shields to keep the interiors cool and 
comfortable thus becomes more attractive. Among various solutions, solar heat 
reflective coatings using cool materials for building applications, which possess 
high solar reflectance and high infrared emittance, is competent because of low 
cost, easy maintenance and technological versatility.    
   This PhD research project focuses on developing polymer-based solar 
reflective coatings with either pristine or hybrid format. Both types of coating 
display strong light reflectance profiles over UV-Vis (300-800 nm) and near-
infrared (NIR) (0.8-1.4 m) wavelength ranges because they possess the 
following structural characteristics, respectively. Firstly, the pristine polymer 
coating matrix is constructed primarily by nanoparticles of its own type, which 
further aggregate to form submicron-grains, and the grains in turn assemble 
spherulite-like micron-bumps on the surface of coating. Polystyrene (PS) or PS 
with a doped chain-end by hydrophilic monomer units, such as 4-vinylpyridine 
(4-VP), embodies such hierarchical coating matrix. Secondly, the hybrid 
composite matrix contains inorganic (SiO2 or TiO2) hollow spheres with a 
particular size (d ≈ 0.05, 0.3 and 1~2 µm, respectively), uniformly embedded in 
an acrylic matrix. These hollow spheres are special to solar light reflection 





   With respect to the pristine polymer coatings, casting a liquid layer of the 
N,N-dimethylforamide (DMF) solution of PS or PS/4-VP is unique since the 
subsequent drying in ambient conditions brings about a slow and continuous 
phase inversion change accompanying gradual condensation of moisture into 
the cast layer. Miscibility between moisture and DMF is the key factor for 
evolving the hierarchical matrix structure aforementioned since this trait allows 
for a gradual chain coiling and folding that finally results in prevailed 
nanoparticles. The hierarchical matrix is therefore capable to confer two types 
of light reflecting structure: enormous light refraction and Raleigh scattering 
taking place on nanoparticles, which contribute to the reflection of UV-Vis 
light; whereas submicron grains and micron bumps contribute to Mie scattering 
of long visible light and predominantly NIR lights, of which the prominent 
backscattering is essential.   
   Subsequently, regarding the SiO2 or TiO2 hollow microspheres, besides 
having relatively higher dielectric constant than polymer, their structural 
features profoundly influence the solar reflectance, which include the diameter 
of hollow spherical cavity, the morphology and thickness of the porous shell, 
and the doping composition of the Zn-TiO2 shell. The hollow microspheres are 
synthesized by the modified protocols in which the sol-gel condensation 
reaction of Si- or Ti-alkoxide precursors is carried out in the presence of a 
sacrificial template, which is an organic sphere. The synthesis impacts the 
evolution of inorganic shell on the sacrificial template through the factors 
entailing the surface charge, the alkoxide loading relative to the available 





which are critical to the shell structure, the permittivity of spheres, and then the 
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ASTM E891-87 air mass 1.5 beam 
normal 
- 
c The speed of light  m/s 
d The diameter of the particle m 
f 
The volume fraction of the pigment in 
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- 
h The thickness of the film m 
h Planck constant J∙s 
hc The convection coefficient W/m
2
 K 
𝑖1 Scattering intensity W/m
2
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2
 
i(λ) Solar spectral irradiance W/m2 nm 
I Intensity of irradiation W/m
2
 
I0 The intensity of incident light W/m
2
 
K The shape factor  0.9 - 
κB Boltzmann constant J/K 
m Relative refractive index - 
Mn Molecular weight of polymers - 
n Refractive index - 
N NIR reflectance - 






Fraction of irradiance reflected by a 
surface from a wavelength range 
- 
R The distance to the particles m 
Rc Reflectance of coatings - 
s The scattering coefficient m
-1
 
𝑆 Spreading coefficient - 
S Solar reflectance - 
Ta The air temperature K 
Tg Glass transition temperature ˚C 
Ts Surface temperature K 
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U UV reflectance - 




Symbols Description Unit 
α Solar reflectivity or albedo of a surface - 
ε Emissivity W/m2 
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𝜈 The frequency of electromagnetic wave Hz 
A FTIR frequency peak cm
-1
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r relative permittivity - 
τ Crystal size nm 
β the half width rad 















Chapter 1 Introduction 
1.1 Background 
Global warming and irreversible consumption of fuel resource have become an 
urgent problem to be solved due to the yearly increased emission of carbon 
dioxide. Land transportation, consisting of primarily automobile and to a small 
extent of inland and rail shipping, dominates the emissions of green-house 
gases. At the same time, buildings are responsible for 40 % of world’s primary 
energy consumption and around one third of global CO2 emissions.[1] Besides 
the daily necessary consumption of automobiles and buildings, one of the major 
consumption of energy is the air-conditioning system used by them which has 
been estimated to increase carbon monoxide (CO) emissions by 0.99 gkm
-
1
(71%), nitrogen oxide (NO) emissions by 0.12 gkm
-1
 (81%) and reduce fuel 
economy by 2.0 kmL
-1
 (22 %) in daily life [2]. Especially in summer, the heat 
island phenomena in urban area exacerbates energy efficiency concern because 
the increased air temperature raises cooling load of air conditioners, resulting in 
increased energy consumption and demands. Therefore, decreasing the cooling 
load of air conditioning system of buildings and automobiles is an urgent 
requirement for friendly environment. The internal environment of buildings 
and automobiles is intimately related to the cooling load of air conditioning 
system, which is determined by lots of factors such as the climate condition, 
materials of windows and envelops, construction materials, flow circulation 
inside and so on.[1, 3] Among these factors, materials of envelops for buildings 
and automobiles play an important role in the interior temperature by absorbing 
solar radiation from sunlight or environment and it has been found that 36.7 % 




of heat load in the buildings is from the roofs [4] and 70 % of cabin heat gained 
comes from sunlight transmitted through glazing of cars [5] when building and 
cars expose to the sun directly. Therefore, in the case of hot climate, reducing 
solar radiation absorbed by the outer surface of automobiles and buildings, 
which means improving the light reflectance of outer surface, could be an 
effective strategy to decrease the cooling load of air conditioning system. 
Practically, in the metropolises all over the world, the mirror film outside the 
body of skyscrapers is applied to decrease the loading of indoor air-
conditioning system by reflecting solar light out. In the case of mirror-film, the 
light reflection is mainly specular reflection which reflects mainly UV-visible 
light by utilizing geometric light principle through using concave or convex 
glass lens or different orientation of glass plates to direct the light path. In 
principle, an incident light and the reflected light have the same angle with 
surface normal respectively. However, due to the strong reflection in one 
direction, light-pollution has also appeared as the environmental problem at the 
same time. Hoke and Greiner have simulated the cabin temperature of vehicles 
parked in a summer day and concluded that each 0.1 increase in the solar 
reflectance of the car shell reduces the cabin temperature by about 1 ˚C 
according to the analytical results of the Rad Therm and UH3D modeling 
tools.[6] It has also shown that using highly reflective materials as the roofs for 
buildings, the temperature inside the house is 7.2 ˚C cooler in summer of 
California than that of commercial roofs.[7] Nowadays, due to the low cost and 
high efficiency of application of the solar reflective coatings on car bodies and 
roofs, cool materials possessing high solar reflectivity and emissivity, have 
received increasing attention from researchers worldwide.[8, 9]  




Solar energy reaching ground level mainly comprises radiations with 
wavelength of 300 to 2500 nm, including ultra violet (< 400 nm), visible (400-
700 nm) and infrared (ca. 740-2500 nm) components. The visible and infrared 
radiations carry about 43 % and 52 % of the total incident solar irradiance 
(1380 Wm
-2
) respectively while ultraviolet radiation only accounts for 5 %.[10] 
Therefore, inorganic or organic composite coatings that are highly reflective to 
visible and infrared lights tender a solution to maintain comfortable interior 
temperature with much less reliance on air-conditioning system. As a white or 
light opaque coating blocks visible light, the challenge for a solar reflective 
coating therefore lies in radiating back invisible infrared radiation to air. 
Currently, commercial solar reflective coatings are produced by compositing a 
polymer binder and a designated type of inorganic fine particles as light 
reflective pigments due to their high refractive index and availability for 
modification.[11] In principle, a relatively completed theoretical system about 
the light scattering activity of particles has been developed on the basis of 
Rayleigh scattering and Mie scattering theories, which describe the respective 
dependence of light scattering activity on wavelength and particle sizes. Since 
Rayleigh scattering is applicable to particles much smaller than the wavelength 
of incident light, hence practically, solar reflective coatings rely on Mie 
scattering to perform, accounting on the difference in refractive index between 
the scattering particles and the light transmission medium. Although 
tremendous endeavor has been paid to investigate the effects of inorganic fillers 
by applying various materials (TiO2, SiO2, Ag, Al2O3, Cr2O3) or their 
composites form in cool paints, few research focuses on probing the effect of 
the detailed structure and electric field distortion of inorganic fillers on their 




reflectivity property and this is one of the topics that will be discussed in this 
thesis work. 
In contrast to the wide adoption of inorganic pigments as solar reflective 
filler, scarce attention has been paid on pure polymer coatings as solar reflective 
coatings due to their limitations for application such as UV degradation, low 
thermal and chemical stability. Meanwhile, the low refractive index of 
polymers locating between 1 and 2, results in the weak scattering activity of 
polymer coatings. Consequently, a dead zone appeared in this field where pure 
polymer coatings have never been explored as solar reflective coatings yet. 
Therefore, this thesis explores a specific type of pure polymer coating matrix 
possessing a hierarchical morphology discernible from nano to micron scaled 
grains which exhibits strong solar reflectance profiles and its formation 




1.2 Objective and Scope 
This thesis investigates how the two particular types of structure, i.e. 
hierarchical polymer matrix and hollow microspheres, are achieved and how 
they function to enhance solar reflectivity:  
a. The mechanistic aspect of the formation of a hierarchical polymer matrix 
characterized of the compiling of nanoparticles at successive tiers and the 
capacity of the matrix to reflect solar radiation. 




b. Tuning of the geometric and chemical structures of hollow microspheres of 
SiO2 and Zn-TiO2 and their influences on the NIR reflectivity in a polymer 
matrix. 
The details of the research scope are highlighted below: 
a. Preparation of a PS coating matrix through introducing a gradual phase 
inversion process, over which a hierarchical assembly initiating with the 
nucleation of PS chains to form nanoparticles and concluding at 
aggregation of submicron PS grains to form micron spherulite surface 
bumps undertakes.  
b. Instead of using the pristine PS in the preceding study, the PS with a chain 
end doped by 4-VP monomer units or other hydrophilic monomer units is 
employed to prepare a similar solar reflective coating. The nucleation of 
hydrophilic units and its role as a core for the nucleation of PS tails 
surrounding it have been observed in the preparation of this hierarchical 
coating matrix. The dosage and type of the hydrophilic monomer unit 
apparently affect the solar reflectance.   
c. Synthesis of hollow silica spheres by using PS latex as sacrificial template 
on which SiO2 porous shell is coated through sol-gel condensation of 
orthosilicate. The optimal size of hollow silica and on the top of it the 
optimal porous shell structure are identified by evaluating their diffuse and 
solar reflectance profiles. These two structural features are correlated with 
the light reflectivity at different wavelength.  
d. Compared to the SiO2 hollow spheres, the TiO2 hollow spheres and its Zn 
doped counterpart are synthesized using amino acid polymer spheres as 
template for the sol-gel condensation of Ti (IV) butoxide under 




solvothermal condition. The innovative facet of this study is to 
incorporating chelating agent into the sol-gel reaction to promote doping as 
well as porous structure of TiO2 shell. Similarly, the more porous shell and 
the Zn-doping in TiO2 shell yield stronger solar reflectivity.  
 
1.3 Thesis Organization 
Chapter 2 presents a detailed literature review on general picture of solar 
reflective coatings, theoretical principles of scattering activity of materials and 
preparation strategies of hollow structure for inorganic fillers. 
   Chapter 3 introduces a polystyrene (PS) thin film which displays a 
significantly high light-reflectivity up to above 0.7 over the visible and near 
infrared range. Experimentally, a liquid layer of PS in N,N-dimethylformamide 
(DMF) cast on a substrate is dried in air at ambient humidity (ca. 65 % RH). 
Phase inversion occurs in this process due to miscibility of water and DMF as 
well as slow evaporation of DMF, which provides enough time for PS chains 
undergoing steady contractions, leaving behind a hierarchical assembly matrix 
with micron-contours composed of nano-grains. It is recognized that the 
specific structure resulting from a dense chain packing of polymer contributes 
to the boosted solar reflectance. In addition, the PS film formed through the 
phase inversion holds a surface temperature 3.7
 ˚
C below that on a TiO2 coating 
under direct sunlight.  
   Chapter 4 states a P(4-VP/S) copolymer film with elevated reflectance 
compared to homo PS film in the previous chapter. Copolymer molecules with 




weak surface-activity are yielded by incorporating a very low dose (< 1 %) of 
4-vinylpyridine (4-VP) into an end segment of polystyrene (PS) chains by 
emulsion copolymerization. Under the same drying process with PS films 
aforementioned, tiny hydrophilic cores are formed as a result of entrapping 
moisture due to the hydrophilicity of 4-VP segments surrounding which the 
copolymer chains coil and aggregate to form elementary nanoparticles to 
submicron granules and lastly to a random collection of the granules. Therefore, 
a more distinct hierarchical assembly structure is prompted and components in 
the hierarchical structure are responsible for the enhanced scattering activity to 
light in different wavelength ranges.  
   In chapter 5, a one-pot facile template method is applied to obtain hollow 
silica spheres by using PS spheres as the template.  Sol-gel synthesis of silica 
shell is conducted directly in the emulsion before which functionalization of the 
template, segregation of PS spheres and changing the solvent to ethanol are not 
needed. Significant improvement on reflectance in NIR wavelength range is 
found for hollow silica spheres compared to solid ones, resulting from manifold 
refractive index difference between silica and medium filled in the chamber or 
pores of the silica shell.  Since exceed pores in shell structure could also 
increase the extinction of light inside the chamber, thickness and diameters of 
hollow silica spheres are varied to study the optimum structure for high 
reflectivity. In addition, TiO2, ZnO and Ag coated hollow silica spheres are 
prepared and play a role in improving the reflectance in NIR region further.  
   Chapter 6 investigates the reflectance of hollow TiO2 spheres and Zn doped 
hollow TiO2 spheres, synthesized by solvothermal method with amino acids 
incorporated as templates or ligands. The chelating capability of amino acids 




not only influences the surface area of hollow TiO2 spheres obtained and 
enhances solar reflectance compared to Aeroxide
TM
 P25 TiO2, but also 
determines the amounts of Zn doped in, which distorts the electric field of TiO2 
matrix, resulting in enhanced permittivity and thereby improved reflectance. 
The dielectric constant analysis reveals an explicit correlation between the 
permittivity of materials and its solar reflectance. 
   In chapter 7, conclusions of this thesis and recommendations for the future 
research work are presented. In the present work, hierarchical structured 
polymer coatings and hollow structured inorganic fillers are fabricated for 
improving their reflectivity to light. For polymer coatings, it has been realized 
that the pseudo-block copolymer chains with hydrophilic monomers at the end 
are critical for the formation of solar-reflective hierarchical structure. Therefore, 
block copolymer of PS with hydrophilic monomer units doped is expected to 
further develop a well-patterned surface morphology and hence meliorate the 
solar reflectance of coatings. For hollow structured inorganic fillers, the 
problem encountered for hollow TiO2 spheres in rutile phase is to disperse the 
particles in coating solutions uniformly because of its high hardness and big 
crystal size. To solve this problem, incorporation of polyhedral oligomeric 
silsesquioxane (POSS) nanoparticles in the shell of hollow spheres could be a 
solution through the functionality of cage POSS, since organic groups R 
attached at each apex of the POSS cage could be looked forward to signiﬁcantly 
increasing the compatibility of the ﬁller and the organic matrix.   
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Chapter 2 Literature review 
In this chapter, recent research progress and technical advances about solar 
reflective coatings will be introduced firstly. Classic theories on scattering 
activity of materials to light and related simulation results will be reviewed 
subsequently. At last, the detailed discussion on fabrication methods of polymer 
coatings and hollow structured inorganic pigments for solar reflective coatings 
will also be presented.  
2.1 Overview of solar heat reflective coatings 
Solar reflective coatings are described as coatings which could cut down the 
energy flux through the buildings or automobiles by reflecting most of sunlight, 
through which reducing demand for cooling power in conditioned environment 
or improving occupant comfort in unconditioned environment. In fact, three 
factors of coatings affect their surface temperature: solar reflectance, infrared 
emittance and thermal insulation of materials. But it has been found that during 
the daytime, the surface temperature is mainly affected by the solar reflectance 
of materials and the thermal balance of a surface under the sun is described as 
the equation below: 
(𝟏 − 𝛂)𝐈 = 𝛆𝛔(𝑻𝒔
𝟒 − 𝑻𝒔𝒌𝒚
𝟒 ) + 𝒉𝒄(𝑻𝒔 − 𝑻𝒂) [12] (2.1) 
where α is the solar-reflectivity or albedo of the surface; I is the total solar 
radiation incident on the surface, W/m
2
; ε is the emissivity coefficient of the 
surface; σ is the Stefan–Boltzmann constant, 5.6685 × 10-8 W/m2K4; Ts is the 
equilibrium surface temperature, K; Tsky is the effective radiant sky temperature, 
Chapter 2 Literature review 
10 
 
K; hc, the convection coefficient, W/m
2
K; Ta is the air temperature, K. Equation 
2.1 indicates that higher solar reflectance of coatings could effectively reduce 
their surface temperature at daytime. According to the ASTM standard, in the 
air mass 1.5 global solar irradiance spectrum (0.3-2.5 µm), 43 % of the energy 
is carried by visible light (0.4-0.7 µm) and 52 % of the energy is contained in 
NIR irradiation (0.7-2.5 µm). Therefore, a clean, smooth white tile strongly 
reflecting visible and NIR light with a solar reflectance value at 0.85 could be 
regarded as the coolest surface and the ideal roof materials for buildings. The 
reflectance value R is defined as the fraction of irradiance reflected by a surface 
from wavelength λ0 to λ1 and could be calculated from the irradiance-weighted 
average of its spectral reflectance at specific wavelength r(λ), which is describe 
as the equation below: 






⁄ dλ (2.2) 
where  i(λ) is the solar spectral irradiance (power per unit area per unit 
wavelength).[10] The most common irradiance-weighted average reflectance 
includes solar reflectance S (0.3-2.5 µm), UV reflectance U (0.3-0.4 µm), 
visible reflectance V (0.4-0.7 µm) and NIR reflectance N (0.7-2.5 µm) and the 
solar reflectance (S) of a surface is the sum of the corresponding reflectance of 
the divided three wavelength regions to their distributed solar power (UV-5%, 
Vis-43% and NIR-52%). Hence, their relationship is described as below: 
S = 0.05U + 0.43V + 0.52N  (2.3) 
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Since reflectance in visible region is restricted by white appearance and 
requirements for transparency, the so-called cool surface especially means 
surfaces with high reflectance in NIR wavelength range. 
Nowadays, commercial coatings or paints mainly consist of four components: 
binder, solvent, additive and pigment, in which pigment is the most important 
factor for improving optical properties of coatings or paints, which adsorbs or 
reflects specific wavelength range of solar radiation due to its chemical or 
mineral nature compared to polymer binder which scarcely plays a role in 
reflecting lights due to its low refractive index. By incorporating heavy metal 
nanoparticles in the polymer matrix, it is found that the refraction index of 
polymer film could be increased.[13] Meanwhile, large amounts of research 
have been done to investigate inorganic pigments’ effect in the coatings because 
of not only their optical properties but also their stability to high temperature 
and inertness to acid or alkaline chemicals. D. Kolokotsa et al. have developed 
and tested the solar reflectance of mineral-based coatings and the coatings’ 
effect on the energy efficiency, in whose research work the combination of the 
lime render mixed with marble powders or natural earth and the calcimine paint 
could behave as a passive cooling technique, increasing the energy efficiency 
up to 21 % in roofs’ application.[14] In studies of Kai L. Uemoto et al., 
formulated paints incorporated with cool colorful inorganic pigments with high 
NIR reflectance could absorb less solar energy which can keep a 10 ˚C lower 
surface temperature of paints than that of conventional paints and hence 
effectively decrease energy radiation transferred through them.[15] The similar 
research has also been conducted by Synnefa et al. in Athens who utilized NIR 
reflective pigments in paints to fight the heat island effect and they reported the 
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measured solar spectral properties and the thermal performance of 10 prototype 
cool colored coatings, which exhibit a more selective absorption band and as 
much as 10.2 ˚C surface temperature difference in comparison to color-matched 
conventional paints.[16] Anna Laura Pisello et al. have applied a kind of high 
reflective clay tile on traditional buildings in Italy and the two year’s 
continuous monitoring reveals that the indoor peak temperature had been 
lowered by 4.7 ˚C in summer.[17]  
Besides the variety of reflective pigments, various preparation methods to 
apply inorganic materials into coatings are also studied to improve the solar 
reflectance. Kazuhiko Tonooka et al. focused on the preparation of multi-
layered heat reflective coatings in which silver, silver alloy, TiO2 and SiO2 were 
applied and combined since it was difficult to realize a good optical 
performance with a single layer. With this five-layered coating, the sample on 
glass substrates transmits about 70 % of the daylight in luminance and reﬂected 
about 50 % of the solar energy.[18] Levinson et al. came up with a novel 
technique based on a two-layer spray coating process in which TiO2 was 
incorporated into acrylic polymer latex, increasing the solar reflectance of 
concrete tiles and asphalt shingles.[19]  
Though lots of research work has been done for solar reflective coatings, less 
concern is  focused on the highly reflective polymer coatings in which polymer 
not only plays the role of binder but also the role of pigment and the 
fundamentals and theories in this area are not complete either. Up to present, 
the principles relating to the reflectance of polymer coatings only rely on 
polymer coatings’ morphology similarities with inorganic particles whose 
scattering theories are relatively complete. And that’s why the polymer coatings’ 
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investigation is focused on the morphology modification of them and a particle-
like morphology enhances their solar reflectance to light. Herein, the next 
chapter will mainly review the scattering activity theories of particles.  
 
 
2.2 Review of fundamentals and theories of light scattering  
In principle, all substance scatters light. In fact, many phenomena such as 
diffuse reflection, diffraction, specular reflection and refraction are all the 
results of scattering. From the microscopic viewpoint, when light impinges on 
the surface of matter, the electric charge in the matter would be accelerated and 
radiate electromagnetic energy which is the secondary radiation, called as the 
radiation scattered. At the same time, part of the incident electromagnetic 
energy is transformed into thermal energy which is the so-called absorption.[20] 
On the other hand, the rest of incident energy refracts inside the medium and 
the secondary radiation of each molecule superposes on each other, resulting in 
the extinction of incident energy, called Ewald-Oseen extinction theorem.[21] 
From the macroscopic viewpoint, when light incidents on a particle, the 
mechanism of light scattering activity of the particle is almost the same to that 
of molecule in this case the particle is imagined to be subdivided into infinite 
small regions. However, the secondary radiation of these sub-regions will 
superpose on each other and affect the total scattering field. Especially with the 
increase of particle size, the possibilities for mutual enhancement or 
cancellation of scattered secondary waves would increase. Besides, the shape of 
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particles is also important which would distort the direction of scattering. To 
estimate and analyze the scattering activity of particles, some simulated theories 
are developed which will be introduced in the following sub-chapters.[20] 
Rayleigh scattering and Mie theory are both the most common theories to 
describe and investigate the scattering feature of particles. However, neither of 
them is adequate and sophisticated enough to cover all kinds of particles. Hence 
the combination of these two scattering theories is usually necessary for 
analysis of light scattering activity of particles.  
2.2.1 Rayleigh Theory 
In 1871, Lord Rayleigh firstly came up with a theory to conquer the challenge 
about explaining the color of sky, in which dimensional analysis is applied to 
show that “the ratio of the amplitudes of the vibration of the scattered and 
incident light varies inversely as the square of the wavelength, and the intensity 
of the light themselves as the inverse fourth power”. In detail, the intensity of 














where I is the intensity of light scattered by the particle; I0 is the intensity of 
incident light; R is the distance from the incident light to the particle; θ is the 
scattering angle; λ is the wavelength of incident light; n is the refractive index 
of the particle; d is the diameter of the particle.[22] It could be concluded that 
the scattered light intensity strongly depends on the particle size and the 
wavelength of incident light, which will increase rapidly as the ratio of particles 
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size to wavelength increases. Besides, the Rayleigh scattered intensity is 
identical in the forward and reverse direction.  
On the basis of this analysis, the blue light of 450 nm wavelength is scattered 
more intensely by the gas or small particles in the sky than red light of 670 nm 
wavelength. When sunlight passes through the atmosphere, blue components in 
it (shorter wavelength) are strongly Rayleigh scattered while red components 
(longer wavelength) are not but directly arrive into our eyes and it appears to be 
slightly yellow near the sun. At the same time, the scattered shorter light goes 
through the rest of sky, appeared to be blue. Rayleigh also developed a theory 
that the extinction of incident light is related to the index of refraction of gas, 
increasing with decreased wavelength. Therefore, the transparency at the blue 
end of spectrum is more obvious based on this point. [23] 
In fact, Rayleigh theory only describes incoherent scattering by particles 
whose diameter is much smaller than the wavelength of light. In the application 
where light scattering could be used to estimate the coalescence of colloidal 
system, the model of Rayleigh theory could provide a relative accurate 
approximation of small particles at very small scattering angles.[24] For the 
scattering activity of some certain classes of particles, Rayleigh-Gans 
approximation is made to estimate by subdividing the particles into dipole 
scatters and superposing the scattered waves but ignoring the interaction 
between dipoles. In spite of it, Howard R. Gordan surprisingly found out that 
Rayleigh-Gans scattering approximation is accurate enough to explore the 
backscattering activity of disk-like particles as long as the thickness of the disk 
is no more than 20% of the wavelength of incident light. The result is consistent 
with that simulated from the discrete-dipole approximation.[25] In K. 
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Muinonen’s work, it has been presented that Rayleigh and Rayleigh-Gans 
regime could cover the approximation of particles in a wide range of refractive 
indices, size and shape parameters.[26] Therefore, based on the equation of 
Rayleigh scattering, the hint for this thesis work is that the variation of 
diameter, refractive index or morphology of pigments would have effect on the 
reflectance of solar reflective coatings and the specific wavelength range of 
light could also be reflected by controlling the size of particles. In the case of 
particle size much smaller than wavelength of light, Rayleigh’s law should be 
applied and the scattering coefficient s is proportional to inverse fourth power 
of wavelength which would give rise to the reflectance of coatings. The spectral 
reflectance of coatings is given by the equation below: 
Rc = 𝑠𝑓ℎ (2 + 𝑠𝑓ℎ)⁄   (2.5) 
where f is the volume fraction of the pigment in the film, h is the thickness of 
the film and s is the scattering coefficient. [27] 
2.2.2 Mie Scattering 
It is known that the color change of sky around the sun is attributed to the 
Rayleigh scattering by gas particles which are much smaller than the 
wavelength of light. After the generation of Rayleigh scattering theory, Gustav 
Mie provided a more exact analytical method for the incoherent scattering from 
particles in a larger diameter range[28], which explains the grey or white color 
of clouds. Different from Rayleigh scattering, Mie scattering is less 
wavelength-dependent so that light in the whole spectrum could be scattered 
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more or less to different directions by the water droplets in clouds whose 
diameter is around 20 µm and the cloud appears to be white.  
  When it comes to describe the intensity of scattered light by a spherical 
particle, Rayleigh scattering theory will break down as long as the size of 
particles increases to ca. 10% of the wavelength of incident light. In this case, 
Mie theory is an exact theory to estimate the amplitude of scattering activity 
when the diameter of particles is comparable to the wavelength of light rather 
than too small or too large.[29] The scattering intensity equation in Mie theory 




 (𝑖1 + 𝑖2) (2.6) 
where 𝑖1and 𝑖2 are complex functions of α (2πr/λ), m (relative refractive index), 
γ (180˚- θ) [30] and proportional to the intensities of the two incoherent, plane 
polarized components in the scattered light. 𝑖1 is the component whose electric 
vector is perpendicular to the plane of observation and 𝑖2  is the component 
perpendicular to 𝑖1.[31] Therefore, the radiation intensity of Mie scattering is 
not expressed by a simple mathematical equation but a summation of an infinite 
series of terms and the intensity is less dependent of wavelength, compared to 
Rayleigh scattering.  
In fact, Rayleigh and Mie theories have been widely applied to determine the 
particle size, aggregation behavior and concentration in aerosols by estimating 
the light scattering activity of spherical particles.[24, 32-34] A. Cohen’s work 
has investigated the Mie scattering intensities as a function of particle size 
parameter by utilization of a tunable dye laser and mono-dispersed spherical 
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particles. The agreement between Mie scattering theory and experimental 
results is shown and also proves their experimental system’s capability for 
investigation of scattering activity as a function of wavelength for non-spherical 
spheres which no theory covers.[35] As reported in A. Lips and S. Levine’s 
work, neither Rayleigh nor Mie model is adequate enough to estimate the 
coalescence particles since Rayleigh mode is more accurate for small particles 
while Mie theory is more suitable to relatively larger particles.[24] However, a 
better approximation could be obtained by Rayleigh model rather than Mie 
model for small particles at a small scattering angle while the reverse applied at 
a large scattering angle for larger particles, from which it is demonstrated that 
Rayleigh scattering and Mie scattering theories complement each other.  
Another difference between Rayleigh scattering and Mie scattering theories is 
that the scattering intensity of the latter is larger in the forward direction than in 
the reverse direction while the scattering intensity is identical in both directions 
for the former. In Mie scattering, the larger the particle size, the more light 
trends to be scattered in the forward direction. Therefore, improving the 
backscattering of particles in Mie scattering has been a challenge for 
researchers. Leung Tsang et al. investigated the backscattering phenomena of 
dense distribution of spherical particles with diameter comparable to 
wavelength of incident light, in which multiple-scattering effect was brought up 
to explain the enhanced backscattering phenomenon for surfaces [36-38]. 
Different from them, Ezekiel Bahar and Mary Ann Fitzwater’s simulation work 
studied single layer of medium consisting of a random distribution of irregular-
shaped particles and proved that backscattering could be enhanced when the 
particles possess a rougher surface instead of smooth surface whose 
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backscattering activity is associated with Mie solution.[39] The backscattering 
characteristic of Mie scattering aforementioned inspired the study on solar 
reflective coatings with rough surface morphology in this thesis work.  
2.2.3 Basics of Solar Spectrum Reflectometer (SSR)   
A solar spectrophotometer illuminates a surface with monochromatic light at 
near-normal incidence and measures light reflected into an integrating sphere. A 
series of such measurements at wavelengths spanning the solar spectrum (300–
2500 nm) yields the near-normal (with respect to the incident surface) beam-
hemispherical solar spectral reflectance, 𝑟𝑏,𝑛𝑛(𝜆), while wavelength spacing is 
arbitrary. To conduct engineering measurement, the concept of air mass (AM) 
was defined in 1976 as the U.S. Standard Atmosphere[40] for the ideal clear 
sky atmosphere in the mid-latitudes of the USA. The AM coefficient is defined 
in proportion to the cosine of the zenith angle: the angle between the beam from 
the sun and the normal vector pointing directly up to the zenith of the sky 
(normal to the horizontal surface) as portrayed in Figure 2.1, in which AM1.5 is 
specified. 
 
Figure 2.1 Illustration of the concept of airmass with respect to a zenith angle 
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Furthermore, solar irradiance is the power per unit area produced by the sun 
in the form of electromagnetic radiation. Irradiance may be measured in space 
or at the earth’s surface after atmospheric absorption and scattering. Total solar 
irradiance, is a measure of the solar radiative power per unit area normal to the 
rays, incident on the earth's upper atmosphere. Planck's law describes the 









  (2.7) 
Where κB is the Boltzmann constant, J/K; h is the Plank constant, J∙s; c is the 







T is the temperature of black body, K; 𝜈  is the frequency of associated 
electromagnetic wave, Hz. Literally, the temperature of an ideal blackbody 
radiator that radiates light of comparable hue to that of the light source is 
the color temperature of a light source. According to the equation of Planck’s 
law, the higher the color temperature of an irradiation will be, the more intense 
the radiance of the light.   
 




Figure 2.2 Planck's law (colored curves) accurately described black body 
radiation and resolved the ultraviolet catastrophe (black curve). Source: 
https://en.wikipedia.org/wiki/Planck%27s_law. 
 
    The American Society for Testing and Materials (ASTM), the photovoltaic 
(PV) industry, in conjunction with ASTM, and government research and 
development laboratories have developed and defined two standard terrestrial 
solar spectral irradiance distributions.  The AM1.5 Global spectrum is designed 





). The AM1.5 Direct (+ circumsolar) spectrum is defined for solar 
concentrator work, which includes the direct beam from the sun plus the 
circumsolar component in a disk 2.5 degrees around the sun. These two spectra 
are both incorporated into a single document, ASTM G-173-03. Besides these 
two standard solar spectra, the standard spectrum for space applications (ASTM 
E-490) is referred to as AM0, which has an integrated power of 1366.1 W/m
2
 as 
shown in the following Figure.  
 








2.3 Surface morphology formation of polymer coatings 
Referring to the two basic theories mentioned in the last section, the shape, size 
and roughness of particles are crucial parameters influencing the scattering 
activity. Therefore, in spite of polymers’ low refractive index, formation of 
particle-like morphology and increasing the roughness of surface may be the 
key factors to improve pure polymer coatings’ solar reflectance in this thesis 
work. 
Self-assembly organization of polymer films on substrates has been studied to 
develop various micron- and nano-scale architectures for which surface tension 
is the critical driving force. Lots of investigations have been done to modify the 
morphology of polymer coatings into well-aligned pattern and thereby improve 
the unique physical properties of them, which qualify their wide application in 
microelectronic industry, protective layers and functional coatings. A few 
Chapter 2 Literature review 
23 
 
common spontaneous thermodynamic phenomena for polymer coatings on 
substrates will be discussed in this section and studies by applying them to 
obtain patterned polymer coatings will also be reviewed.  
2.3.1 Dewetting and spreading 
Dewetting is a process occurred in the interlayer of liquid-substrates or liquid-
liquid (sometimes water could be applied as substrates), which could be 
described as a rupture of thin film on the substrates. When a homogeneous 
polymer solution is cast on a substrate, initially the homogeneous polymer layer 
is in an unstable or metastable state. Its destabilization state would yield a 
rupture of the initial homogeneous polymer layer, giving rise to the formation 
of holes. The holes grow in lateral size, building a characteristic pattern which 
decays further until a stable state is achieved. During  this so-called dewetting 
process, the long or short range interaction between polymer and substrate 
dominates the featured morphology of polymer films.[41] There are mainly two 
theories which explain the rupture of the initial smooth polymer layer 
satisfactorily, spinodal theory and nucleation theory. The former is usually 
applied to an extremely thin film in which the amplitude of spinodal waves is 
amplified until it reaches the dimension of thickness of the film, thereby 
resulting in the broken of the film.[42] Van der Waals force plays an important 
role in this process which develops small thermal vibration or jiggling of 
molecules into spinodal waves and hence breaks a thin film with thickness of 
order ten nanometers. In fact, this action is a manifestation that the system tends 
to be in a state with minimum energy. The growth of amplitude decreases the 
free energy of polymer films and subsequently the amplitude grows 
continuously, leading to the dewetting. However, when the polymer film is 
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thick enough but less than a few micrometers, the nucleation theory takes over 
in which the initial holes originate from large dust particles, defects or 
heterogeneities. The heterogeneities exist in the liquid polymer layer withheld 
by the excess surface free energy. The growth of holes leads to accumulation of 
polymers surrounding the perimeters of the holes, forming the elevated rims.[43] 
Concluded from above, the result of dewetting process is the rupture of a thin 
film and formation of droplets accumulated surrounding the holes. Since 
dewetting damages the completeness of applied thin films, it is usually regarded 
as an unwanted process in the industry and could be prevented by photo-
crosslinking thin polymer films or incorporating nanoparticles as additive into 
the films.[44]  
The opposite process to dewetting is an all-known spontaneous process --- 
spreading, in which the liquid homogeneously spreads on the substrates. The 
determining factor for spreading or dewetting of a drop of oil on a liquid 
substrate (water is used as an example here) is the spreading coefficient S 
expressed by the equation 2.7: 
𝑆 = 𝛾𝑔𝑤 + 𝛾𝑔𝑜 + 𝛾𝑜𝑤  (2.7) 
where 𝛾𝑔𝑤 is the surface tension of gas-water, N/m; 𝛾𝑔𝑜 is the surface tension of 
gas-oil, N/m and 𝛾𝑜𝑤 is the surface tension of oil-water, N/m. Spreading process 
occurs when S > 0 while dewetting happens when S < 0. [45]  
2.3.2 Phase separation 
Different application of polymer films may require various surface 
morphologies to enhance their specific physical properties. If only one type of 
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homopolymer is applied in a film, special surface treatment or synthesis of a 
new polymer would be necessary to get a novel morphology to satisfy every 
particular application each time. In this case, blending two kinds of 
homopolymer could be an alternative to vary the surface morphology because 
the behavior of blending polymer film would be much more different from 
homopolymer films due to the existence of boundary interface between 
different components and preferential segregation of one of the components. In 
a typical binary polymer system, spinodal decomposition of binary components 
could be observed when it is spread on the substrates, which is the so-called 
phase separation. One-phase region would quench rapidly into their miscible 
gap and bulk phase separates through the exponential growth of concentration 
fluctuation. At last a coarsen structure for the polymer film is attained when the 
fluctuation reaches zero.[46] However, the development of final structure 
would vary by different blending system and in fact the detailed mechanism for 
the derivation of various morphologies from a variety of polymer system is 
complex and has not been well-understood yet. Among numerous attempts, 
Howard Wang and Russell J. Composto have brought up a mechanism with 
three stages of phase separation for a deuterated poly (methyl methacrylate) 
(dPMMA) and poly (styrene-ran-acrylonitrile) (SAN) blending film. In the 
early stage, bi-continuous wetting layers are driven by the hydrodynamic flow 
and a tri-layer structure is formed with dPMMA-rich layer lying in air/polymer 
and polymer/oxide interfaces and SAN-rich layer in the middle. In the 
intermediate stage, capillary wave fluctuations dominate over whose amplitude 
grows enough to break the middle layer, resulting in an interconnected 2D 
network. In the last stage, the 2D network coarsens and eventually forms into 
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isolated droplets of SAN-rich phase covered by dPMMA-rich phase. Therefore, 
the final morphology is the result from the dynamic interplay of wetting, 
capillary fluctuation, hydrodynamic flow and confinement.[47] The phase 
separation mechanism mentioned above considers the case that blending 
components segregate asymmetrically to the two interfaces (air/polymer and 
polymer/substrate), giving rise to stratification into bilayer structure. In contrast 
to that, symmetrically surface segregation of blending polymer films means the 
same blending component is preferred in both interfaces. This mechanism is 
emphasized by A Karim et al.’s work in which surface-directed spinodal 
decomposition waves are suppressed for thin-enough films. The transition from 
asymmetric segregation to symmetric segregation is completed by simple 
chemically modification to substrates and finally pancake-like droplets on 
polymer films’ surface resulting from two-phase separation could be 
observed.[48] 
The final morphology of blending polymer films largely depends on the 
nature of polymer blended and the interface type between components 
including polymers and substrates since each component tends to have different 
surface energy. F. Bruder and R. Brenn have reported that a blend of deuterated 
polystyrene and poly(styrene-co-bromostyrene) forms a domain structure on a 
oxide layer of silicon wafer but a bilayer structure of two bulk phases on a 
chromium-plated one, in which the stable bilayer structure can only be 
developed in the case that each component wets both interfaces, otherwise, 
dewetting will result in the damage of layered structure.[49] P. Müller-
Buschbaum et al. studied the weak incompatible blending system of deuterated 
polystyrene (dPS) and poly (p-methylstyrene) (PpMS) whose surface 
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morphology is the result from phase separation and dewetting. Due to the 
miscibility of blending components, the evolution of surface morphology needs 
longer time to stabilize and display the difference between samples with 
changed component composition. The final surface morphology is flat and 
smooth or dedicated small and shallow structure.[50] In contrast, Keiji Tanaka 
and co-workers developed droplet-like domains on surface of PS and poly 
(vinyl methyl ether) (PVME) blend films and investigated the thickness effect 
on the morphology, proving that droplet-like domains could only be formed for 
ultrathin blending polymer films with thickness in 20-40nm. It is demonstrated 
that the domains mainly consist of PVME, lying on a thin layer of PS due to 
recovery of conformational entropy loss of PVME chains and dewetting of 
PVME to PS.[51] 
Though the blending polymer films in studies aforementioned all possess 
their characteristic morphologies, the surface structures of them are not in good 
order and cannot be controlled exactly. To develop well-aligned pattern 
morphology of polymer films, surface-directed phase separation has arisen 
through the surface modification on substrates. Martin Böltau et al. have 
prepared a binary polymer (polystyrene-polyvinylpyridine) (PS-PVP) film with 
ordered lateral pattern making use of their different solubility in common 
solvent and affinity to polar surface (self-assembly monolayer on gold), which 
correspond to two thermodynamic principles, phase separation of a binary fluid 
and selective adsorption of substrates from a binary mixture, giving rise to 
changed surface energies of polymer films.[52] The pattern transfer from 
substrates’ surface to the thin polymer film depends on a variety of parameters 
such as the pattern size, substrate/polymer interactions and molecular weight. 
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The study of Xue Li et al. has shown that a proper molecular weight of polymer 
should be chosen for a well-aligned pattern otherwise aggregation of polymer 
domains could be suppressed due to increased viscosity for polymer with 
extremely high molecular weight.[53]  
2.3.3 Phase inversion  
In definition, phase inversion is the phenomenon where the phases in the liquid-
liquid dispersion interchange so that the dispersed phase spontaneously inverts 
to become the continuous phase and vice versa under specific conditions of 
system properties, energy input and volume ratio. Therefore, to some extent, it 
could be regarded under the category of phase separation. Different from the 
phase separation mentioned in the section 2.3.2, phase inversion process present 
in this section involves the diffusion of solvent and non-solvent in the 
membrane preparation which is the important character in this system instead of 
blend of polymers. As reported, it is usually achieved by four main techniques 
present below:[54] 
a. Thermally induced phase separation: the polymer solution is quenched 
to a lower temperature which reduces the solvent quality. After 
demixing is induced, the solvent is removed by evaporation, extraction 
or freeze drying. 
b. Air-casting of a polymer solution: a volatile solvent and a less volatile 
non-solvent are used to dissolve polymer. During the evaporation, 
solubility of polymer decreases, resulting in the phase separation.  
c. Precipitation from the vapor phase: non-solvent vapor penetrates into 
polymer solution to produce phase separation.  
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d. Immersion precipitation: a polymer film cast from polymer solution is 
immersed into a non-solvent bath to conduct precipitation due to the 
exchange of solvent and non-solvent. 
The immersion precipitation is the most important and well-studied process 
for membrane formation to which vapor induced-phase inversion and air-
casting process are similar since diffusion process for solvent and non-solvent 
is induced for all of them. Generally, a variety of symmetric or asymmetric 
structure such as a dense top layer supported by a layer containing closed cell 
pores, nodular structure in the top layer and an interconnected pore structure, 
could arise from phase inversion.[55] Theoretically, the breakthrough to 
understand the mechanism of formation of various structures is based on the 
thermodynamic calculation of tri-components phase diagrams 
(polymer/solvent/non-solvent) and computation of the so-called composition 
path for tracing the kinetics of phase separation, using proper diffusion 
equations, boundary conditions and frictional parameters.[56] The ternary phase 
diagram depicts the states and equilibrium compositions of various polymer 
systems. As long as phase inversion occurs, the initially stable system is 
brought into a metastable or unstable state in which nucleation or spinodal 
decomposition starts.  Homogenous polymer solution separates into a polymer 
lean phase that will be continuous and a polymer rich phase that will nucleate. 
The concentration of polymer rich phase will increase until vitrification of the 
solution takes place and lastly a rigid morphology is formed for polymer 
membranes.  
Raj Kumar Arya’s simulation study has shown that porous symmetric and 
asymmetric membranes could be developed in cellulose acetate-water-acetone 
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system by dry-casting process and he also studies the effect of varied drying 
conditions including non-solvent (water in this case) concentration, polymer 
concentration, coating thickness and air velocity.  It is revealed that low water 
content and polymer concentration could lead to the failure of phase separation 
in drying process; a thinner coating thickness will result in a faster phase 
inversion and a relative symmetric membrane and vice versa; high air velocity 
would completely suppress the occurrence of phase inversion due to the fast 
evaporation of solvent and non-solvent, thereby resulting in a dense polymer 
coating.[57] Regarding to porous structure of polymer films, it has been 
reported that an important strategy to enhance the porosity of film structure is 
adding organic or inorganic components into the casting solution which could 
be methyl cellulose, poly (vinyl pyrrolidone), LiCl, ZnCl2, poly (ethylene 
glycol) (PEG) and so on. Their solubility in water provides themselves 
opportunities to be pore-forming agents which could contribute to the 
application of porous membrane in permeation industry.[58-60] 
With regards to light scattering, the nodular structure is of particular interest 
due to its similarity to particles. A nodular structure consists of very closely 
packed spheres or nodules and it is formed when a polymer solution undergoes 
a very fast exchange of solvent and non-solvent. The nodules are formed by 
nucleation growth in the polymer rich phase. Two established facts of nodule 
formation are: 
a. The diffusion rates of the solvent and non-solvent are very fast relative 
to the polymer molecules.  
b. The formation occurs in the surface layer (less than 1 μm thick), of very 
high polymer concentration (more than 90 %).   
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Due to the influx of non-solvent and out-diffusion of solvent, the polymer 
molecules surround themselves with other polymer molecules to reduce 
interaction with the non-solvent. This results in a one-dimensional shrinkage of 
the polymer molecules perpendicular to the surface. The result is the formation 
of a ‘flat’ conformation of nodules which are under stress. After drying, when 
all the solvent and non-solvent is removed, the stress is removed from the 
polymer chains in the nodules to rearrange them to a spherical conformation. 
This creates a considerable amount of surface shrinkage as well.[56] The 
nodular structure formation process is present in Figure 2.1 below: 
 
Figure 2.1 The nodular structure formation process.[56] 
 
 
2.4 Preparation of inorganic pigments in solar reflective 
coatings 
The important effect of inorganic fillers in solar reflective coatings has been 
known and lots of investigations have been done to improve their optical 
properties. Shin-Hyun Kim et al. achieved the target to tune the refractive index 
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of composite microspheres assembled by TiO2 and SiO2 nanoparticles in an 
emulsion polymerization system and found out that the refractive index of 
composite microspheres is linearly related to the volume ratio of anatase 
nanoparticles.[61] Some metal oxides, e.g., TiO2, Cr2O3 and Al2O3, are known 
to show intense reflectance in the visible and NIR range and have been widely 
used in solar reflective coatings [62]. Commercial hollow ceramic spherical 
particles (produced from 3M company) with diameters distributed from 2 µm to 
12 µm have been utilized as the filler of a coating and the infrared irradiative 
properties of the coating is studied, indicating that a higher reflectance in 
infrared roughly depends on the rougher surface of microspheres.[63, 64] 
Besides the opaque solar reflective composite coating, the transparent glazing 
could also reflect infrared light from a substantially thin metallic (e.g. Ag) film 
surface.[65-67] 
In the latter half of this thesis, synthesis and performance of hollow structured 
inorganic fillers used in solar reflective coatings are investigated, mainly 
involving SiO2, TiO2 and their doped form. Their hollow structure was 
developed via different strategies which in common, could be divided into two 
categories: template method and self-assembly method.[68] Herein, these two 
types of methods mainly concerning to hollow spheres of SiO2, TiO2 and their 
doped form are reviewed as below. 
2.4.1Template method 
Template method is the most common method to prepare inorganic hollow 
spheres for its easy control and operation. In this method, the template particles 
are coated by the inorganic precursors either through the controlled physical 
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surface precipitation of precursors or by the direct surface functionalization of 
the template to capture inorganic precursors[69]. After core-shell structure 
formed, the template core is removed by dissolution in selective solvent or 
calcination under high temperature to generate the hollow inorganic spheres.  
Generally, two kinds of templates are applied, hard templates (e.g., SiO2 [70], 
polymers [71-74], metal particles [75], carbon spheres [76]) and soft templates 
such as bacteria, water droplets [77]. Soft template method is usually based on 
the micro-emulsion or reverse-micro-emulsion technologies with ionic organic 
surfactants applied, involving direct synthesis of inorganic shell around the 
emulsion droplets.[78] The Che’s group has done enormous work on the soft 
template method to prepare mesoporous hollow structure based on the 
electrostatic interaction between the costructure directing agent and anionic 
surfactant, by which the functional groups can array regularly following the 
arrangement of surfactants.[79, 80] On the basis of their preliminary work, their 
recent work has shown that hollow spheres with varied diameters could be 
developed by incorporating carboxylic acid oil droplets as the template and 
amine-containing costructure directing agent as the surfactant. [81] 
Compared to soft template, hard template is a more straightforward strategy 
to control the morphology and mono-dispersity of hollow spheres. Zhaogang 
Teng’s and Yi Jian Wong’s work both proved that hollow silica spheres can be 
obtained by the so-called self-transformation approach in which silica spheres 
are synthesized as the templates and a surfactant is necessary to protect the 
outer layer silica in the process of etching away the core part.[82, 83] However, 
compared to other templates, this approach would be more difficult to control 
the morphology and thickness of outer shell because of the identical property 
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between inner core and outer shell. ZnO has also been used as templates by Kun 
Han et al. and they even came up with different shapes of ZnO (flowerlike, 
nano-ribbons and microspheres) as templates and subsequently obtained various 
hollow structure of silica.[84] Among various hard templates, polystyrene is 
probably the most common template used to prepare hollow silica spheres. On 
the basis of large amounts of research work, it has been proven that 
functionalization of the surface of polystyrene is important to connect with 
inorganic precursors.[72, 85] Since inorganic source usually has a negative zeta 
potential, coating process can be achieved through electrostatic interaction 
when PS core owns a positive zeta potential.[72] Typical procedures including 
the use of PVP as surfactants or cationic monomers such as 2-(methacryloyl)-
ethyltrimethylammonium chloride (MTC) [86] or 3-(trimethoxysilyl)propyl 
methacrylate (MPS) [87] as the functional co-monomer, could provide active 
sites on the surface of PS core to capture negative inorganic precursors. 
Sometimes, well-controlled physical precipitation of inorganic precursors on 
the surface of template cores could also be well-conducted to obtain hollow 
spheres. Xie et al. have developed mesoporous TiO2 hollow spheres 
successfully through this method. They infiltrated dried PS beads between two 
glass substrates with titanium precursor solution and exposed them to humid air 
in which the titanium precursor hydrolyzed and subsequently aggregated to 
form a network of gel. After the solvent evaporated, the gel precipitated out and 
formed a coating outside the PS beads. At last, uniform hollow TiO2 spheres 
were generated after the PS beads were dissolved by toluene.  
In this thesis, hollow silica spheres were developed by template method with 
PS as template for its easy control on the size and thickness of hollow structure. 
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The silica shell is formed by sol-gel process in which hydrolysis of silica 
precursors occurs first, forming sol solution and subsequently condensation 
reaction of sol happens on the surface of template resulting in the formation of 
oxy-hydroxy-silicate species and alcohol.[88] This process could be catalyzed 
in either acid or alkaline condition. It has been found that primarily linear or 
randomly branched silica network preferred to be developed in acid solution 
while highly branched silica clusters tends to be developed surrounding the 
template in alkaline solution.[89] The hydrolysis of silica precursors and 
condensation reactions is described by equation 2.8 and 2.9: 
Si(OR)4 + H2O 
hydrolysis
→       Si(OR)3OH + ROH (2.8) 
2Si(OR)3OH
condensation
→         (OR)3Si − O − Si(OR)3 + H2O (2.9) 
The rate of hydrolysis reaction could be influenced by concentration of water, 
catalysis and silica source in the whole solution. Among hundreds of silane 
coupling agents, tetraethylorthosilicate (TEOS) is the most common agent used 
to prepare hollow or solid silica spheres. By controlling the amount of silane 
coupling agent fed in the reaction system, the thickness of silica shell could be 
tuned. Solvent extraction and calcination are the two main methods to remove 
the template core to form hollow structure. The choice of solvent and 
temperature of calcination both depend on the property of template. For 
polystyrene core, chloroform and toluene can both be used and 400-500˚C 
could be a proper temperature to remove templates. 
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2.4.2 Self-assembly method 
Self-assembly method is a widely used bottom-up approach and has been 
considered as a simple strategy to form hollow structures. One most common 
assembly approach of it is to assemble nanoparticles by Van der Waals 
interaction provided by surface-anchored organic molecules with the assistant 
of surfactants used in the reaction system. Xiaowei Wu and Cathleen M. 
Crudden have brought up with an approach to prepare hollow silica 
nanostructures in which a costructure directing agent and a chiral monomer are 
introduced into the reaction system to control the helicity of the particles. By 
controlling the ratio of anionic surfactant and cationic costructure directing 
agent, the structure could be varied from hollow silica spheres to hollow silica 
nanotubes.[90, 91] Based on the principle of this approach mentioned above, 
Xue-Jun Wu et al. modified the surfactant element in the previous study by 
mixing zwitterionic and anionic surfactants together, through which rod-like 
hollow mesoporous silica particles with ordered mesopores parallel to the axis 
were synthesized. By investigating the products at different reaction time, they 
found out that the formation mechanism of hollow structure originates from the 
hollowing-out of the former produced helical silica rods.[92] In addition, Bin 
Liu and Hua Chun Zeng have synthesized hollow ZnO microspheres by self-
assembly of ZnO nano-building blocks  with the assistance of surfactant 
(CTAB) and chelating agent (ethylenediamine, EDA), in which a hierarchical 
process commences from the generation of nanorods oriented toward the same 
global crystal axes, then the formation of multipods from nanorods and finally 
the  hollow ZnO microspheres consisting of multipods.[93] 
Chapter 2 Literature review 
37 
 
Spray droplets drying method by solvent evaporation is also used to develop 
self-assembly hollow spheres, where nanoparticles in spray droplets stick to 
each other at air-water interface by the effect of attractive capillary force to 
form micron-scale hollow structure.[94] D. Sen. et al. have applied this 
evaporation induced self-assembly method to prepare varied hollow structure 
from spheres to donut-shape by tuning the viscosity and surface charge and 
proved that the viscosity of the virgin dispersion and surface charge of colloidal 
components both play an important role in the assembling of sprayed droplets 
during drying.[95] Another self-assembly simple route is reported by Hailin 
Wang et al. who modified polyethoxysiloxane (PEOS) by transesterification 
with poly(ethylene glycol) (PEG) monomethyether to yield amphiphilic PEOS-
PEG which decreased water solubility of PEOS and hence slowed down its 
hydrolysis process. The degree of substitution results in the different self-
assembly behavior in water and hence hollow silica spheres are developed with 
a certain ratio of PEG and PEOS.[96] 
Ostwald ripening process usually refers to a recrystallization process in the 
solution where the larger crystals grow from those smaller crystals with higher 
solubility in solution than larger ones, driven by the different chemical 
potentials of crystallites. Therefore, the crystallites in the center of spheres 
dissolve and relocate on the surface of the aggregates, forming hollow spherical 
structures[97] which usually occurs in the solvothermal process. On the basis of 
self-assembling of nanoparticles, Ostwald ripening and crystal growth process, 
Xiaoshuang Chen et al. synthesized hollow ZnO microspheres through 
solvothermal treatment in which polyethylene glycol 400 was used as solvent 
and played a critical role as nonionic surfactant.[98] Moreover, Bing Liu and 
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Hua Chun Zeng came out with two terms of so called “symmetric Ostwald 
ripening” and “asymmetric Ostwald ripening” which allow the formation of 
more complex core-shell separated and basket-like spheres, different from 
general Ostwald ripening which only results in the hollow spheres. In their 
experimental procedure, a preorganization of crystallite was introduced before 
the Ostwald ripening process.[99]  
The disadvantage of self-assembly method is its limitation on diameters of 
resulting hollow spheres since they are composed of nanoparticles, resulting in 
the difficulty to develop nano-scaled hollow spheres. However, self-assembly 
method is quite facile and easy in the experimental procedure, hence in this 
thesis, hollow TiO2 spheres in micron-scale are synthesized with self-assembly 
method and solvothermal treatment is conducted to facilitate the formation of 
hollow spheres. 
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Chapter 3 Solar Heat Reflective Coatings 
Consisting of Hierarchically Assembled 
Polystyrene Nanoparticles 
Abstract: A polystyrene (PS) thin film usually displays a very low light 
reflectivity (< 0.1) because of its low refractive index (n) and frequency-
unresponsive n values. However, a significant boost of light reflectivity to 
above 0.7 over the visible and near infrared range is observed when the 
microstructure of PS film is incubated by the drying-induced phase inversion 
mechanism. Specifically, a liquid layer of PS in N,N-dimethylformamide (DMF) 
cast on a flat substrate is subjected to drying in air at ambient humidity (ca. 65 % 
RH), through which the condensation of moisture and the evaporation of DMF 
prompts a gradual phase inversion because water and DMF are miscible and 
DMF vaporizes slowly. PS chains undergo steady contractions accompanying 
the drying of the cast liquid film, leaving behind a matrix consisting of grains 
with sizes of ca. 50nm, of which each is the assembly of smaller nanoparticles. 
Furthermore, the infrared spectroscopy offers an assessment for the packing 
density of PS chains in these nanoparticles. In addition, the film possesses a 
topographic contour composed of adjoining spherulites in micron sizes 
according to AFM characterizations. In contrast, two control samples fabricated 
by using typical solvents for PS, toluene and chloroform, invariably present a 
solar reflectivity of 0.1. In addition to strong surface solar reflectivity, the PS 
film formed through the phase inversion holds a surface temperature 3.7
 ˚C 
below that on a TiO2 coating under direct sunlight.  
Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 




This chapter explores a filler-free PS coating film that unveils a solar 
reflectance > 0.7. It is fabricated through solution casting and followed by a 
drying-induced phase inversion step. The resulting PS matrix contains a 
significant extent of air-polymer interfaces that are constructed by the 
assembling of nano-grains in the form of micron domains with spherulite 
contour. The hypothesis is made that such a porous curving geometry will favor 
rejecting solar light through aggregated PS nanoparticles in which numerous 
reflection, refraction and scattering happen. It has been proved by Dombrovsky 
et al. [100] that high scattering in short-wavelength range of near infrared (NIR) 
light could be a result of the scattering by aggregated nanoparticles. Recently 
the group reported the effect of scattering by absorption [101], which means 
that there are some micron-sized regions in nanoporous silica where specific 
long-wave radiations are absorbed and scattered synchronically. This 
mechanism could therefore contribute to reflecting the longer NIR radiations as 
long as there is a distribution of such micron-sized regions on a solar reflective 
coating. 
Using the solution casting method, it is found that the nature of solvent used 
to prepare the PS solution is critical to the light reflectivity of the resultant film. 
The use of chloroform, a typical solvent of PS, ends up with a low solar 
reflectivity because the drying in principle does not prompt phase inversion. In 
contrast, the use of DMF as solvent leads to a substantially boosted solar 
reflectivity. This unusual response can be attributed to the slow vaporization of 
DMF and the miscibility of it with moisture from ambient. A steady phase 
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inversion takes place in the drying course that leaves a nano-porous PS matrix.  
Consequently, the cast film exhibits a solar reflectance profile above 0.7, which 
is uncommon since if a hydrophobic solvent such as chloroform and toluene is 
used instead a reflectance below 0.1 is normally resulted. Such difference was 
further validated using the infrared lamp irradiating in front of a PS coating on a 
glass panel and the temperature on the backside of the panel was recorded with 
time. The PS coating based on DMF shows an apparently lower temperature-
time curve than its counterpart based on toluene (Figure 3.1). 
According to the structural characterizations, it could be observed that the PS 
matrix possesses a hierarchical structure, in which the packing of PS chains 
results in elementary nanoparticles, the aggregation of these particles forms 
submicron grains, and the assembling of the grains consists of adjoining 
spherulite bumps as illustrated in Figure 3.2. Such a structure developed 
through chain packing and tiered assembling of particles and grains 
subsequently is presumed to be vital to the unique solar reflectivity. It is worth 
noting as well that this preparation differs from the dewetting [102] and breath-
figure [103] approaches, which are widely known for the fabrication of polymer 
coating thin film with structured surfaces. The dewetting phenomenon happens 
in a film with thickness usually in nano-scale when its unstable or metastable 
thermodynamic state is released by annealing. On the other hand, the breath 
figure method normally requests a volatile and hydrophobic solvent to perform 
the solution coating. Although hydrophilic tetrahydrofuran (THF) could still be 
a breath figure solvent for PVC [104], its swift evaporation trait is 
indispensable. Contrary to these essential requirements, slow vaporization of 
DMF from PS liquid film does not lead to a breath figure patterned honeycomb 
Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 
Assembled Polystyrene Nanoparticles 
42 
 
PS surface. Even so, a honeycomb PS surface comprising submicron to micron 
pore sizes does not enhance solar reflection. A tiered assembly of nanoparticles 
rather than just a porous matrix offers an enhanced solar reflectance according 
to the experimental observations.  
 
Figure 3.1 The temperature diagram of PS-toluene and PS-DMF films when IR 
irradiance lamp incidents IR lights on them for 30 min. 
    
 
Figure 3.2 Schematic illustration of the hierarchical development of a PS 
coating through a drying-induced phase inversion procedure. 
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3.2.1 Preparation of the primer coat 
A primer coat consisting of the subsequent B-79 and PS double layers was laid 
on a glass slide. As the first layer, a B-79 solution (10 wt. %) in the binary 
MEK/toluene (v/v=1) solvent was spin cast on a glass slide using 600 rpm for 
10 s, which was then dried at 80 
˚
C for 5 min. After that, a PS film was 
developed on the B-79 layer using the same coating and drying procedure. In 
this primer coat the B-79 layer provides adequate adhesion to the glass substrate 
and the PS layer plays a material transition role so that the solar light reflection 
of the PS topcoat fabricated on the primer could be free of the influence from a 
different polymer underneath.       
3.2.2 Preparation of the PS topcoat  
In a typical preparation, 0.7 g PS powder and 5 mL DMF were mixed and 
stirred in a sample vial at room temperature until a homogeneous solution 
(12.8 %) was attained. The resulting solution was spin-coated on the prior 
prepared primer coat using 600 rpm for 10 s. The specimen was then subjected 
to drying under a relative humidity (RH) level (of 20 %, 50 % or 80 %) at 40 ˚C 
in a humidity chamber. It took 5 h under 20 % RH or a day under 80% RH to 
obtain a dry topcoat. The drying was also carried out at ambient condition, 
roughly 65 % RH and 25 ˚C. Besides using DMF as solvent, chloroform and 
toluene were also used respectively to fabricate the PS topcoat through drying 
at ambient condition. The PS topcoats were assessed as prepared without 
further thermal curing. In conclusion, the coating samples comprise B-79/PS/PS 
(topcoat) triple layers on a glass slide.          
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Additionally, PS coatings on glass panel (10cm × 10cm) were prepared to test 
the shielding capability against IR irradiation. The two PS solutions (12 wt. %) 
in toluene and DMF were coated respectively by brushing them on the glass 
panels. The coatings were dried in ambient condition.    
3.2.3 Preparation of the control sample 
TiO2 was chosen to prepare the control sample as it is widely used as solar 
reflective pigment in different coatings. The TiO2 fine powder obtained from 
Aldrich was thoroughly dispersed with the aid of ultrasonification in a MEK / 
toluene (v/v=1) solution of B-79 (10 %) to form a slurry containing 38 % by 
weight of TiO2 powder. After casting on a glass slide and drying, a composite 
film containing ca. 86 % TiO2 was obtained for further evaluation.  
3.2.4 Measurement of the total solar reflectance and infrared irradiation 
shielding test  
The reflectance profile of a coating film fabricated from the above protocol was 
gauged using a solar spectrum reflectometer (SSR-6, Devices and Services 
Company). A tungsten halogen source in the reflectometer used in this 
experiment provides diffuse illumination. The reflected energy from a specimen 
is measured with six broadband filtered detectors covering the UV, Blue, Red 
and IR plus two virtual detectors to sample at lower color temperature, 2300 K 
versus 3125 K. The reflectometer is able to measure reflectance with a standard 
deviation of 0.005 units and a bias of ± 0.002 units. And it is calibrated using a 
blackbody cavity, with zero solar reflectance, and by a smooth and dense white 
tile with the designated reflectance reading of 0.859, at the solar irradiance 
b891 (ASTM E891-87 air mass 1.5 beam normal), namely, the AM 1.5 spectra 
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that provides a reference point corresponding to a particular set of atmospheric 
conditions and a specific air mass [105]. The reflectance profile is plotted 
versus the UV, blue, red and IR light sources. The parenthesis beside each light 
source labels the color temperature in K of the source. According to Planck’s 
law, the color temperatures in the range from 2000 to 3000 K signify relatively 
weak radiant emittance (between 0 to 0.5 1013 W/m3) in the wavelength range 
from 0.1 to 500 m. Taking Blue (3125 K) for example, it describes blue light 
with the maximum emittance of approximately (5 1011 W/m3) at 0.47 m over 
a broad wavelength range.  
The shielding test to IR irradiation was carried out in an in-house setup. An 
IR irradiance lamp (Philips HP 3616, 50 W) was placed 30 cm away in front of 
the coated glass panel that is fixed in a thermal insulation box made in-house. A 
thermocouple (Easyview 15) is attached to the backside of the coating panel. 
The temperature shown on the Extech Instrument was recorded every minute in 
the first 10 min period and every 10 min in the last 20 min period.  
3.2.5 Evaluation of transmittance and surface temperature 
The UV-Vis-NIR transmittance of the coating samples was assessed on the 
Shimadzu UV-3600 Spectrophotometer. A transparent glass slide was set as the 
background representing 100 % transmittance. The coating samples were 
scanned over the wavelengths from 1600 nm to 400 nm. In addition, to examine 
the surface cooling effect on the topcoats, thermal images on them were taken 
by using Fluke Ti55FT IR FlexCam Thermal Imager.  
Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 




Detailed morphologies of the topcoat were scrutinized by field-emission 
scanning electron microscopy (FESEM, JEOL, JSM-6700F). The surface 
profiles of the topcoats were recorded by atomic force microscopy (Bruker 
Dimension ICON). Various packing densities of PS chain were analyzed by 
differential scanning calorimetry (DSC-Q100 by TA Instruments). The DSC 
scan from 25 to 250 ˚C at a rate of 5 ˚C /min was performed, in which the 
loading of sample was accurate to 3.1 ± 0.01 mg, and Fourier transform infrared 
spectroscopy (Bio-Rad Excalibur FTS-3500 FTIR spectrometer). The UV-Vis 
spectrophotometer (Shimadzu UV-3600) was employed to probe the interaction 
between PS chains and solvent molecules in the swollen matrix. Small angle X-
ray scattering (SAXS) measurement was used to check polystyrene crystallites 
on a Panalytical-PW 3830 instrument equipped with two-dimensional wire 
detector and a Cu (λ=1.542 Å) rotating anode operating at 40 kV and 50 mA. 
 
3.3 Results and Discussion 
3.3.1 Impact of PS chain packing on solar reflectance 
The study in the chapter begins with the finding that the solar reflectance of PS 
topcoat displays a strong reliance on the nature of solvent used to carry out 
solution casting. Both water-immiscible chloroform and toluene present very 
weak and almost identical solar reflectance profiles. In contrast, the use of 
water-miscible DMF results in a significantly higher reflective surface over the 
entire solar spectrum (Figure 3.3), in which a radiation source covers a specific 
Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 
Assembled Polystyrene Nanoparticles 
47 
 
wavelength range, such as IR (2300 K) represents an infrared radiation ranging 
from 300 to 2000 nm with the peak value at 1.1 m that corresponds to the 
blackbody temperature of 2700 K according to Wien’s displacement law [106]. 
The reflectance achieved is superior over the TiO2 (86 wt. %)/B-79 composite 
coating, serving as a model of solar reflective coating, except in the blue light 
and the high frequency range of red light. As PS has substantially smaller 
indices of refraction than TiO2, such swap of feature implies formation of a 
special surface structure involving polymer chain packing and particle 
assembling through a nonrandom way. Moreover, the solar reflective profile of 
the DMF-mediated PS topcoat was also verified by the transmittance of Vis-
NIR spectroscopy (Figure 3.4), in which both the toluene- and chloroform-
mediated PS topcoats display almost 100 % transmittance whereas the DMF-
mediated PS topcoat totally blocks the radiations. In principle, the cast liquid 
film of DMF-PS takes much longer time to dry than both the chloroform-PS 
and toluene-DMF cast liquid films. Vaporization rate of solvent is a vital factor 
because ordered polymer chain packing requires a slower kinetic process 
relative to sudden chain contraction. The three drying courses were 
experimentally determined (Figure 3.5). In addition to drying, the steady 
vaporization of DMF from the cast film accompanies with absorption of 
moisture from ambient atmosphere due to the hydrophilic characteristic of 
DMF. A gradual rise of water content in the liquid phase of the cast film 
induces a gradual phase separation known as the drying-induced phase 
inversion [55]. In contrast to the drying-induced phase inversion mechanism, 
the swift vaporization and low solubility in water of toluene or chloroform from 
the cast liquid film brings about instant accretion of PS chains but little invasion 
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of moisture into the polymer matrix. In addition, though DMSO has similar 
properties to DMF and lower toxicity, it is unfortunately not a good solvent of 
polystyrene with high molecular weight to proceed solution casting.  
 
Figure 3.3 The solar reflectance of the B-79/PS/PS triple-layer coatings with 




Figure 3.4 The Vis-NIR transmittance spectroscopy investigation of the three B-
79/PS/PS coatings. 
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Figure 3.5 The weight change of polystyrene-toluene, polystyrene-chloroform 
and polystyrene-DMF film on glass substrates during drying process. 
 
It should also be noted that the breath figure pattern never happens in these 
two control samples as well despite the use of hydrophobic and volatile solvents 
in film casting. The breath figure method normally requires a very dilute 
solution of about 1 % to develop a honeycomb surface [107], which is far more 
dilute than the concentration (12.8 %) used in the present study. As a control 
sample, a breath-figure patterned PS film was prepared by following the above 
literature procedure, which does not reveal any enhanced solar reflectance. The 
related experimental evidences are included in Figure 3.6 and Figure 3.7. 
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Figure 3.6 FESEM image for PS-chloroform film with breath figure pattern. 
 
 
Figure 3.7 The solar reflectance for PS-chloroform film with breath figure 
pattern. 
 
To understand how moisture content in DMF affects aggregation of PS 
chains, an auxiliary test was designed to probe the -stacking of the pendant 
phenyl side-chain groups, i.e. benzene rings. The -stacking of the benzene 
rings that drives packing of PS chains is essentially an exothermic 
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transformation. In this test, two pieces of PS thin films were brought to 
equilibrate with DMF-H2O (80 % and 60 %) solvents respectively. After that, 
the UV-Vis spectra of the swollen films were recorded. As a control, the dry PS 
film exhibits two weak peaks at 307 and 315 nm (Figure 3.8), attributed to the 
association of the side-chain phenyl groups [108]. Such association becomes 
more complex in the PS film after being swelled in DMF-H2O (60 %) medium 
as proved by the several absorption peaks appearing in the range of 300-320 
nm, an indication of diversifying benzene-ring interactions owing to the 
increase of the solvation-driven degree of freedom for segment motions. 
However, with the use of DMF-H2O (80 %), a relatively poorer swelling 
medium compared with the one before, the benzene-ring interactions 
degenerate to the two obvious absorption peaks (302 and 314 nm) but they are 
stronger than the two peaks of the control sample. This observation proposes 
that PS chains in the cast PS film undertake spontaneously compact packing 
through a series of the continuous decrease in DMF content in the drying 
course. On the other hand, DSC analysis of the coating sample validates the 
elucidation based on the UV-Vis spectroscopy analysis (Figure 3.9) because the 
strong -association of the side-chain benzene rings should absorb a greater 
specific heat in its typical glass transition Tg range centered at about 105 ˚C. 
The thermal history of all DSC scans is not removed because the temperature 
ramping particularly near the glass transition temperature of styrene will reduce 
the nano-scaled interfaces formed through drying and hence cause loss of 
structural characteristics impacting solar reflection. The chloroform-PS topcoat 
exhibits a broad Tg range (ca. 70-115 ˚C) with a shallow endothermic bump, 
which consists of the three Tg slopes as labeled in the figure. The initial one 
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reflects the Tg of the B-79 (70-80 ˚C) layer, the middle one the Tg of PS, and the 
last one the hysteresis of the transition, while for the toluene-PS topcoat, the Tg 
peaks of the B-79 and PS layers partially merge and also expand. This 
phenomenon can be attributed to the re-solvation of the primer coat due to the 
downward diffusion of toluene when the liquid film for the topcoat was cast. 
The relatively slower vaporization rate of toluene than chloroform causes a 
deeper re-solvation extent and therefore the difference between the above two 
Tg diagrams. On the contrary, the DMF-PS topcoat exhibits an apparently 
narrower Tg (103-110 ˚C) and more intense endothermic bump, a clear 
indication of the existence of compact PS chains. Besides this, the absence of 
the Tg slope of B-79 from this diagram is because the B-79 layer was not peeled 
off together with the overlaying PS when the sample was prepared. In short the 
drying-induced phase inversion boosts the packing density of PS chains.  
 
Figure 3.8 The UV-Vis absorbance spectroscopy investigation of the PS thin 
films with dry and partially swelled matrixes respectively. 
 
Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 




Figure 3.9 The DSC diagrams of the three B-79/PS/PS coatings whose topcoats 
were developed by using different solvents. 
 
These three PS topcoat surfaces, whose solar reflectance profiles are 
compared in Figure 3.3, all display granular morphologies (Figure 3.10). A 
careful inspection could distinguish the difference amid them: PS grains with 
ca. 10 nm sizes fuse together in the matrix derived from the toluene solution 
(3.10a), PS grains with ~ 50 nm sizes partially merge together in the matrix 
derived from the chloroform solution (3.10b), but PS grains with ~50 nm sizes 
are primarily discrete in the matrix derived from the DMF solution (3.10c). In 
principle, since incident light engages reflection, refraction and scattering at the 
grain-void interface, matrix 3.10c indeed displays the strongest solar reflectance 
of the three samples. Moreover, the grains in 3.10c are actually collections of 
numerous nano particles as shown in the inset, in which a nano-scaled 
roughness enhances the scattering extent. A further curiosity is about whether 
the surface contour in m-scale affects reflectance of NIR according to the 
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effect of scattering by absorption happening on micron-sized regions, called 
quasi-particles, as quoted above [101]. The atomic force spectroscopy 
investigation presents two types of surface contour. Both the toluene- and 
chloroform-mediated PS topcoats basically have a flat surface (Figure 3.11 a-b) 
because the surface spikes show amplitudes less than 10 nm while the surface 
(3.10c) exhibits a spherulite bump-like contour with an average pinnacle at least 
10 times greater than the spike height on the previous two surfaces and bump 
sizes of several micron meters (Figure 3.11c). These inter-connected spherulite 
bumps are formed presumably because of the Laplace action, namely the 
pressure of the solvent (DMF-moisture)-swelled PS matrix is greater than that 
of the environment, i.e. the vapor pressure once a convex contour is formed, 
which is then slowly obtruding with the increase in curvature until a very 
viscous shell is generated as illustrated in Figure 3.2. On the ground of such 
convex bump further drying causes generation of grains and subsequently 
nanoparticles. In contrast, fast vaporization of toluene and chloroform does not 
prompt the convex contour and hence left behind a planar contour. It is assumed 
that the convex bump function like quasi-particles to scatter NIR radiations (ca. 
0.8-5 m) through absorption of particular infrared bands (> 2000 cm-1) by PS.       
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Figure 3.10 The FESEM images of the PS topcoats prepared by using toluene 
(a), chloroform (b) and DMF (c), respectively, as solvent to perform solution 
casting. Inset: individual particle from the topcoat c. 
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Figure 3.11 The AFM surface topographies of the three PS topcoats as 
examined in Figure 3.10. 
 
 
In conclusion, the drying protocol in question involves the three stages: 
formation of the surface bumps, formation of submicron grains prompted by the 
phase-inversion, and farther formation of nanoparticles as a result of phase 
separation. PS chains in the liquid film undergo contraction in the first stage 
and then micro-phase separation to perform the nonrandom chain packing in the 
last two stages. Such a hierarchical arrangement is deemed to be responsible for 
the unique solar light reflectivity.  
3.3.2 Impact of relative humidity on the solar reflectance over the PS 
topcoat 
It is known that gradual dissolution of ambient moisture in the DMF-PS cast 
film is vital to the evolution of hierarchical structures in the PS film in the 
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drying process. Evaluating the influence of RH on the microstructure of the PS 
topcoat is therefore attractive. Three PS-DMF cast films made by spin-coating 
method were subjected to drying in atmosphere with 20%, 50% and 80% RH 
respectively. As expected, the resultant topcoats exhibit divided reflectance 
profiles (Figure 3.12), in which 50 % RH drying reveals a fairly stronger 
reflectance than 80 % RH drying but it is close to the one obtained from 
ambient drying as described in the previous section. Indeed, both the 50 % RH 
and ambient drying conditions display similar surface microstructures (Figure 
3.10c). In contrast, drying under either higher (80 %) or lower (20 %) RH 
conditions results in aggregation of grains (10 < d < 50 nm) to a larger extent 
(Figure 3.13). The inset of Figure 3.12 shows the surface matrix obtained from 
20 % RH drying, exhibiting a smaller portion of voids among nanoparticles 
than that obtained from 50 % RH drying because nanoparticles aggregate to a 
heavier extent. Although 80 % RH drying favors the phase separation in DMF-
PS cast film, it discourages vaporization of DMF and hence results in a similar 
porous matrix to 20 % RH drying. In addition, the image surface area difference 
calculated from their AFM characterization for 20%, 50%, 80% RH drying 
coatings are 6.91%, 29.3%, and 11.2% respectively which also proves the 
rougher surface of 50% RH drying coating. The above inference was verified 
by DSC analysis (Table 3.1), which shows a slight upward shift of the glass 
transition span with the rise of RH, indicating an enhancement of chain packing 
density. A slower vaporization of DMF under a higher RH allows PS chains to 
achieve denser chain packing.  
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Figure 3.12 The solar reflectance of the B-79/PS/PS triple-layer coatings 

















Chapter 3 Solar Heat Reflective Coatings Consisting of Hierarchically 




Table 3.1 Characterizing the influence of the RH for drying on the chain 
packing by the glass transition span. 
* 
The doublet has intensity of medium (m) and weak (w). 
 
In addition, the SAXS analysis of these three PS topcoats shows several weak 
shoulder Yoneda peaks with q≈ 0.5-0.6 nm-1 attaching to an amorphous main 
peak. These small peaks are more noticeable in the profile of the topcoat dried 
under 50 % RH condition (Figure 3.14). They can be attributed to various 
assemblies of PS nanoparticles having higher chain packing inside and clearer 
air-polymer boundary, as shown by the corresponding SEM image. Besides, the 
infrared spectroscopy examination of the peeled flakes (Figure 3.15) also 
provides an assessment for the chain packing in the above three samples. The 
IR spectra in the range (1200-1800 cm
-1
) are expanded in order to unveil details 
of the ring vibrations of the side-chain benzene rings. According to a prior 
study on the infrared spectrum of PS [109, 110], carbon skeleton vibrations 
involving stretching of benzene ring are represented by the absorption peaks in 
the frequency ranges of 1600-1585 cm
-1
 and the 1500-1400 cm
-1
, respectively. 
It has been reported that the ordered chain packing of syndio-PS with toluene 
was found to fit the π-stacking association [111]. Thus, it is rational to deem 
that amorphous packing of atactic-PS chains is also driven by π-stacking 
despite a lack of long-range ordered alignment. As such, the characteristic ring 
RH for drying 20 % 50 % 80 % 
Tg  
Onset (˚C) 97.8 97.8 99.8 





 B: 1598 / A:1576  1599 / 1581 1598 / 1579 
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stretching modes of the phenyl group can therefore be used to probe packing 
densities of PS chains resulted from drying under different RH atmospheres, 
related to different kinetics of chain motions. It is hypothesized that a lower 
symmetric ring-stretching mode be more susceptible to the increase in packing 
density. Although the identical doublets, 1450 (s) and 1493 cm
-1
 (s), appear to 
be the same in the three resulting spectra, the higher frequency doublet with 
A1(A) and B1(B) modes display a clear variation with the drying condition as 
shown in Table 3.1. Relative to the B mode, the A mode is less symmetric and 
hence more susceptible to the influences of contiguous microenvironment. It 
could be found that 20 % RH drying displays the lowest frequency of A, 
implying the least confined surrounding amid the three samples. Moreover, the 
absorption bands emerging in the range from 1500 to 1575 cm
-1
 could also 
reflect the microenvironmental effect since they are assigned to overtone and 
combination bands signifying ring-stretching modes with larger amplitudes. 20 
% RH Drying shows 1539, 1575 cm
-1
 and several weaker absorptions in this 
range, while 80 % RH drying exhibits negligible absorption peaks with the 
same wavenumbers. The latter case can be attributed to the compact chain 
packing that restricts the ring stretching modes with larger amplitudes. Between 
the above two samples, 50% RH drying also leaves both very weak bands at 
1575 cm
-1
 and 1540 cm
-1
, which are slightly stronger than those left by 80 % 
RH drying according to the comparison of normalized peak intensities. In short, 
20 % RH drying leaves behind the greatest fraction of free volume inside the 
chain packing of the three samples whilst drying under the other two RH levels, 
in particular 80 % RH, leads to the most compact matrix. In short, enhancing 
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solar reflection requires a tradeoff between chain-packing density and voids in 
the assembly of nanoparticles of polymer.   
 
Figure 3.14 Small angle X-ray scattering diagram for polystyrene-DMF 




Figure 3.15 The infrared spectra of the three samples as presented in Figure 
3.12. 
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3.3.3 Characterization of a cold surface  
In addition to light reflectivity, light emissivity, a measure to emit NIR energy 
from the examined surface, contributes to the surface temperature of a solar 
reflective coating. We measured the thermal images of the DMF-PS topcoat 
fabricated through drying under ambient condition. Three control samples were 
employed to undertake this investigation (Table 3.2). The temperature readings 
over the time of sun shining were obtained from the thermal images. It is clear 
that white paper, known to have an emissivity of 0.86, and B-79 should have 
similar emissivity values because they have similar thermal image-time profiles, 
while inclusion of TiO2 into B-79 matrix with a loading in 86 % in weight lifts 
the surface temperature. This indicates a greater emissivity of TiO2 in contrast 
to the polymer despite the former has a greater light reflectivity. It has been 
known that TiO2 white paint has an emissivity of 0.94. Fundamentally, this 
property depends on the equilibrium between storing and radiating IR energy. 
In contrast to the pristine B-79 coating film, the DMF-PS topcoat manifests a 
lower surface temperature-time profile, an indicative of a lower surface IR 
energy storage. This performance likely relies on the high volume fraction of 
voids embedded in the coating matrix since the void has a very low IR 
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0 30.2 30.3 30.6 33.6 31.6 31.9 
2 30.5 30.6 31.2 34.1 32.0 32.1 
15 34.2 35.3 35.3 38.2 35.8 35.9 
17 34.8 35.7 35.5 38.6 36.4 36.4 
  a. 
The B-79/PS/PS (DMF) presented in Fig. 2; 
b.
 Described in section 2.4, the coat contains 
86% TiO2;  
c.




This work discloses a finding that a pristine PS topcoat unveils an unusually 
high solar reflectance reaching up to 80 %. The topcoat is achieved through a 
drying-induced phase inversion process, which otherwise could attain the solar 
reflectance threshold of 10 % like most of the other polymers. Such a drying 
mechanism relies on the use of DMF as solvent to form a cast film of PS 
solution. Both hydrophilic and low volatile traits of DMF are critical to 
implementing the phase inversion mechanism in the cast PS film matrix since 
vaporization of DMF accompanies absorption of ambient moisture in the 
coating. The subsequent changes include gradual phase separations starting 
from chain packing to nucleation and then to the formation of porous submicron 
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grains according to various structural characterizations. This hierarchical 
development of PS film structure including nanovoids and convex micron-
bumps on surface is vital to the accomplishment of a high solar reflectance. The 
effect of relative humidity on the solar reflectance was also examined. In 
addition, the resulting PS topcoat manifests a lower capability of storing 
thermal energy on surface than a TiO2-dorminant composite coating. The 
finding proposes a strategy to develop polymer-based solar reflective coatings 
since they are normally cost-effective relative to the use of inorganic particle 
fillers.  
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Chapter 4 Solar Heat Reflective Coating Formed 
of Polystyrene Chains Bearing 4-Vinylpyridine-
rich End Segments 
Abstract: Incorporation of a minor dose (< 0.5 %) of 4-vinylpyridine (4-VP) 
into an end segment of polystyrene (PS) chain by means of emulsion 
copolymerization yields a copolymer molecule P(4-VP/S) with weak surface-
activity. A thin film of P(4-VP/S) is fabricated by the solution casting for which 
dimethylformamide (DMF) is a unique solvent. The P(4-VP/S) film displays an 
enhanced solar light reflectance of R ≈ 80-90 % compared with its PS 
homopolymer counterpart of R ≈ 77-84 % in the solar spectrum. The use of 
DMF is vital to trigger core-to-grain assembling and then a structured film 
matrix whilst the cast film is dried in humid air. A rise of 4-VP dose in P(4-
VP/S) to slightly over 1 % causes a breath-figure patterned matrix instead and 
consequently an obvious reduction of reflectance in the near-infrared region. 
Moreover, relative to the emulsion preparation, the solution copolymerized P(4-
VP/S) displays an apparently lower solar reflectance. Mechanistically, P(4-
VP/S) chains that bear a short end-segment with rich 4-VP units constitute tiny 
hydrophilic cores as a result of entrapping moisture during drying. Given that 
predominantly long PS blocks, these copolymer molecules undergo coiling and 
aggregating surrounding the hydrophilic cores, constructing nano grains in 
rosettes. Moreover, the partial fusion of the adjacent grains forms micron lumps. 
Such hierarchical evolution finally gives rise to the matrix with an enhanced 
reflectance of solar light.  
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In the last chapter, a solar reflective homo PS coating was attained and the key 
preparation factor is the gradual absorption of ambient moisture by the DMF-
PS liquid film accompanying evaporation of DMF, resulting in the hierarchical 
evolution of structure. In the present work, a very low mole fraction of 
hydrophilic 4-VP monomer units was incorporated into PS chains through 
copolymerization in an oil-in-water (o/w) emulsion and the impact of the 
resulting 4-VP-doped PS chain structure on the solar reflectivity was 
investigated by applying the same solution casting technique. The hypothesis is 
that the 4-VP-doped PS end-segment may bring about collective chain packing 
and improve solar reflectivity consequently. Indeed, the resulting coating film 
displays an enhanced solar reflectance relative to the homo-PS counterpart. 
Regarding the emulsion copolymerization of 4-VP and styrene, both the 
emulsifier-used system [112] and the soap-free system [113-116] have showed 
the formation of pyridine-rich radical species in the aqueous phase at the initial 
stage of copolymerization, which eventually results in copolymers possessing 
surface activity due to the pseudo block-copolymer chain structure. In the 
present preparation, since the use of only a minor dose of 4-VP vs. styrene in 
the monomer feed, a surfactant, sodium dodecyl sulfate (SDS), has to be used to 
stabilize the emulsion throughout the entire polymerization process. It can 
therefore be expected that 4-VP units appear in a very short end-segment of a 
copolymer chain, acting like a dopant in a PS dominant chain. Besides forming 
this amphiphilic chain structure, the 4-VP kinetic chains in the aqueous phase 
may be terminated before entering into the micelles, which is true as a lower 
content of 4-VP in the final product than in the monomer feed was observed.  
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The resulting chain structure is essential to the assembling of the 4-VP-rich 
chain-end segments that leads to a hydrophilic nano-core during the drying of 
the cast DMF-PS liquid film. Each hydrophilic nano-core would then facilitate 
the coiling of the long PS tails surrounding it and then nucleation of the coils to 
form grains in rosettes as illustrated in Figure 4.1. The further agglomeration of 
these grains constitutes lumps in micron sizes, which play the role of scattering 
by absorption [101] the long-wave component of NIR. The resulting cast film 
demonstrates clearly enhanced solar reflectivity in contrast to the homo-PS film 
[8]. Even so, a slight increase in 4-VP doping extent in the chain-end segment 
of PS causes a breath-figure [103] patterned matrix, which exhibits obviously 
weaker light reflectivity in the IR range. On the other hand, relative to the o/w 
emulsion copolymerization, albeit synthesis by Reversible Addition-
Fragmentation chain Transfer (RAFT) polymerization grants superiority to 
attach a pure 4-VP segment with a precise length to a PS block [117], we found 
that the RAFT block-copolymer shows a weaker reflectance profile in the UV-
Vis range than the emulsion sample, both of which were made by the same 
monomer-feed composition (viz. 1 mol % 4-VP), because the RAFT sample 
does not have the PS blocks as long as those realized by the emulsion 
polymerization. Moreover, since the o/w emulsion copolymerization system 
allows substitution of 4-VP by another hydrophilic monomer, we have 
examined the use of other three types of water-soluble monomer. The identity 
of hydrophilic monomer indeed affects solar reflection capability of the final 
cast film. In short, long PS chains bearing a considerably short chain-end 
segment rich in 4-VP permits a hierarchical assembling from hydrophilic 
nucleation to nanoparticles and then to micron lumps in the cast film 
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accompanying drying of DMF as the coating solvent. The final matrix is unique 
to the realization of the maximum solar reflectance and a variation from the 
desired chain structure causes an obvious reduction in solar reflectance.  
 
 
Figure 4.1 A schematic illustration of the formation of a coating film, consisting 
of PS chains each with a very short 4-VP-rich end segment, from DMF-based 




4.2.1 Doping PS chain-end by 4-VP  
In a typical preparation, a mixture of styrene (2.1 mL, 22.2 mmol) and 4-
vinylpyridine (0.02 mL, 0.2 mmol) were introduced in a 20 mL aqueous 
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solution containing 0.5 % SDS and 0.2 % (or 8.7 mM) ammonia persulfate, 
which was followed by magnetic stirring in a 50 mL round bottom flask 
accompanying by Ar bubbling for 20 min to remove oxygen. Then the flask 
was immersed into an oil bath at 70 ˚C with stirring at 400 rpm to carry out 
emulsion polymerization. The polymerization was lasted for 24 hrs in Ar and 
then cooled down to room temperature. The polymer latex formed was filtrated 
and washed first by deionized water and then ethanol for a few times to remove 
residual monomers and surfactant. Subsequently, the product was dried in oven 
at 50 ˚C and then collected in a sample vial. For the same preparation, the 
content of 4-vinylpyridine in mole fraction in the monomer feed was varied, 
using 0, 0.5 %, 1 %, 2.5 %, and 5 % of 4-VP, where 0 indicates no 4-VP was 
added so it was made as a control sample. The products are labeled by P(4-
VP/S)_x, where x stands for the dose of 4-VP in the monomer feed, for example 
P(4-VP/S)-0.5% is the sample made by using 0.5 % of 4-VP in the preparation. 
Besides 4-VP, an alternative hydrophilic monomer, which is 4-styrenesulfonic 
acid (4-SS), N-vinyl pyrrolidone (N-VP) and 1-vinylimidazole (1-VI), 
respectively, was used in place of 4-VP (at the 1 % loading) in the PS-dominant 
copolymer chain.   
In addition, the other two control samples were prepared. (1) The copolymer 
was synthesized in a homogeneous toluene solution containing 
azodiisobutyronitrile (AIBN) (31.8 mg), styrene (2 g) and 4-VP (20 mg) and 4 
mL toluene. Similarly, the polymerization was conducted at 70°C in Ar for 20 
h, after that, the product was precipitated in a large excess of methanol, 
followed by vacuum drying at 40 ˚C for 24 hr. This control is labeled by P(4-
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VP/S)-1%h. (2) A blend of P(4-VP/S)-0 and 1 mol % P4-VP (Polysciences) 
based on the monomer units.  
4.2.2 Preparation of coating film by solution casting approach  
A primer coat that consists of the subsequent B-79 and PS double layers were 
laid on a glass slide (Sail Brand 1”1”), where B-79 functions as an adhesive 
and PS a transition layer. As the first layer, a B-79 solution (10 wt. %) in the 
binary MEK/toluene (v/v=1) solvent was spin cast on the glass slide using 600 
rpm for 10 s, which was then dried at room temperature for 5 min. After that, a 
thin layer of PS (Sigma-Aldrich) was laid on the B-79 layer using the same spin 
coating and drying procedure to complete the bedding of primer. To develop a 
topcoat on the primer, typically a polymer sample (0.7 g) and 5 mL DMF were 
mixed and stirred in a sample vial at room temperature overnight to obtain a 
homogeneous solution. It was spin-coated on the primer using 600 rpm for 10 s. 
The specimen was then dried at ambient condition with 65-70 % relative 
humidity (RH) and 25 ˚C until no change in mass with time.  
4.2.3 Measurement of the total solar reflectance  
The reflectance profile of a coating film fabricated from the above protocol was 
gauged by the Solar Spectrum Reflectometer which has been mentioned in 
chapter 3.2.4. 
4.2.4 Characterizations of the P(4-VP/S)-x% copolymers 
Detailed morphology of a topcoat was scrutinized by field-emission scanning 
electron microscopy (FESEM, JEOL, JSM-6700F). The surface contour of a 
coating and its roughness were recorded by atomic force microscopy (Bruker 
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Dimension ICON). The samples were scanned by tapping mode in a designated 
size, e.g. 1 µm × 1 µm, and in a scanning frequency of 0.6-1.0 Hz. The obtained 
AFM data were processed into 3-D pictures using the software (Nano Scope 
Analysis 1.40). Various polymer packing states in the cast films were analyzed 
by differential scanning calorimetry (DSC-Q100 by TA Instruments) in the 
range from 25 to 250 ˚C at a scanning rate of 5 ˚C/min, for which the weight of 
each sample was accurate to 3.1 ± 0.01 mg. The functionality of P(4-VP/S)-x% 
was characterized by using Fourier transform infrared spectroscopy (Bio-Rad 
Excalibur FTS-3500 FTIR spectrometer). The 
1
H-NMR spectra of different 
P(4-VP/S)- x% samples were obtained from a Bruker Ultra Shield spectrometer 
(400 MHz), using chloroform-d as solvent. Both the area of peak a from the 
protons of pyridine ring and the area of doublet b from the protons of benzene 
ring [117] were used to determine the actual mole fractions of 4-VP in the 
different samples. The dielectric constants of different P(4-VP/S)-x% samples 
were measured on a dielectric thermal analyzer (DETA, DS6000) using a 
frequency of 10 kHz at room temperature. The testing pellet (ca. 13 mm  0.5 
mm) was prepared by pressing a powder (0.1 g), obtained from a purified 
emulsion polymerization product, in a cylindrical die-set to 7.5 metric tons that 
was held for 5 min. Transmission electron microscopy (TEM) was employed to 
examine the self-assembling behavior of the P(4-VP/S)-x% samples: a DMF 
solution (ca. 1%) was prepared and one drop of the solution was transferred to a 
copper grid, which was allowed to dry at the ambient condition. In addition, 1 
mol % of water to copolymer was added to this diluted DMF solution and the 
water droplets’ size distribution was determined using light-scattering 
measurement (Brookhaven 90Plus Particle Size Analyzer), with a scattering 
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angle of 90 degree, to illuminate the self-assembling behavior through the 
stabilization of water. The laser source is a semiconductor laser diode, 
wavelength 659 nm and laser power of 35 mW. The apparent water contact 
angles (CA) on obtained coatings were measured by the sessile drop method 
under ambient atmosphere using a contact angle goniometer (ramé-hart, Model 
100-00).  Deionized water droplets (20 µL) were dropped onto the sample 
surface using a built-in dispenser, and the average value of three measurements 
made on different locations was recorded.  
 
4.3 Results and Discussion 
4.3.1 Characteristics of the P(4-VP/S)-x% polymers 
The P(4-VP/S) chain, though structurally a copolymer synthesized by the o/w 
emulsion copolymerization, is described as 4-VP-doped PS in this work 
because only a minor content of 4-VP units concentrates in a short end segment 
of the PS dominant chain. According to a previous study [112], both the micelle 
and homogeneous nucleation govern the development of latex particles in the 
w/o emulsion polymerization system. The polymerization reaction starts with 
the waterborne free radicals polymerizing with monomer molecules dissolved 
in the aqueous phase. As a water-soluble monomer, there are more 4-VP 
monomer molecules than styrene monomer molecules in the continuous 
aqueous phase. Therefore, oligomers rich in the monomeric units of 4-VP are 
generated at the starting end of copolymer chain which would favor the 
formation of the pseudo block-copolymer copolymer, and the trend of which 
will increase with the use of a lower monomer/initiator ratio as well as a lower 
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dose of hydrophilic monomer, e.g. 4-VP relative to styrene in the present 
system. With the aim to attain the pseudo block-copolymer chain structure, 
besides very low 4-VP/S molar ratios, a relatively low molar ratio (100:1) of 
monomers/initiator was used in the preparation of P(4-VP/S). The real 4-VP 
content (Table 4.1) in each resulting polymer sample was determined by 
1
H-
NMR (Figure 4.2), which is apparently below the designated dose in the 
respective monomer feed. For the simplicity reason, the feed loading of 4-VP 
(x %) will still be used to denote the samples, P(4-VP/S)-x% in the following 
discussion. The FTIR spectra (Figure 4.3) show the characteristic absorption of 
the asymmetric stretching vibration of C=N of 4-VP unit at 1557 cm
-1
 [118, 119] 
besides the symmetric ring stretching vibration at 1600 cm
-1
 that overlaps with 
the corresponding benzene-ring stretching band of PS. In addition, the 
absorption band 1540 cm
-1 is known as a combination band of the two out-of-
plane vibration modes of these two different aromatic rings [109] (The 
complete IR spectrum of P(4-VP/S)-1% is provided in Figure 4.4). It is clear 
that the intensities of these two IR absorption bands (1557 and 1540 cm
-1
) are 
closer with the increase in the content of 4-VP in the copolymers. On the other 
hand, P(4-VP/S)-1%h obtained from the solution polymerization exhibits 
almost the same peak intensities between these two IR bands despite containing 
almost the same 4-VP content as P(4-VP/S)-1% that shows obviously different 
intensities between the two bands. It is also true that 4-VP units should have a 
uniform distribution along the P(4-VP/S)-1%h chains because both monomers 
have the close r values (< 1) in the solution copolymerization [120]. Hence, the 
relative peak intensity between 1557 and 1540 cm
-1
 bands is presumed to reflect 
the distribution of 4-VP units in the copolymer chains by considering that the 
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asymmetric ring stretching amplitude of the pyridine group would be stronger 
with a more even distribution of it among styrene units due to a reduction of 
dipole-dipole interactions between 4-VP units. The above elaboration proposes 
that those with smaller 4-VP loadings are closer to the block copolymer chain 
structure. 
Table 4.1 The real 4-VP contents in the copolymer synthesized according to 
1
H-
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Figure 4.2 Representative 
1
H NMR spectra of P(4-VP/S) copolymer with 5 % of 
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Figure 4.3 The partial FTIR spectra of P(4-VP/S) copolymer with varied 





Figure 4.4 The complete FTIR spectrum of copolymer P(4-VP/S)-1%. 
   The relative permittivity (r) of the polymer latex particles, harvested from the 
emulsion polymerization, must have an inward decreasing concentration 
gradient of 4-VP. Formation of the pseudo block-copolymer chain structure 
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would result in a very thin shell containing rich 4-VP units. Hence a larger r is 
expected because of this sharp asymmetric latex structure. The P(4-VP/S)-0 
displays a slightly higher r (~3.1) than the common PS (~2.7), likely due to the 
terminal sulfate groups transferred from the free-radical initiator and the 
collection of them on the surface of latex particles (Figure 4.5). The test result 
shows that r increases from P(4-VP/S)-0 to P(4-VP/S)-0.5% and then to P(4-
VP/S)-1%, which is attributed to the accumulation of 4-VP units in the surface 
shell of latex particles because of the expansion of the pseudo-4-VP block. 
After that, a decreasing trend of r is observed instead with the introduction of 
more 4-VP into the polymerization system, from P(4-VP/S)-2.5% to P(4-VP/S)-
5%. It implies an increase in the micelle nucleation mechanism [113, 115, 116], 
leading to an inward distribution of 4-VP unit in each latex particle. A 
conclusion can therefore be drawn to validate that the chain structure bearing a 
short end-segment with rich 4-VP units is essential to assembling of a thin and 
distinct polar shell on individual latex particle, which favors polarization in an 
external electric field. This view is further proven by the control sample, a 
powder blend of 1% homo-P(4-VP) and homo-PS, which exhibits basically the 
same permittivity as the P(4-VP)-1% and the pure P(4-VP) (~4.4) [121], 
although the actual 4-VP content in P(4-VP)-1% is well below 1% according to 
the  
1
H-NMR quantification.   
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Figure 4.5 Variation of the relative permittivity value (at 10 kHz and 25 ˚C) of 
the o/w emulsion latex particles with different 4-VP doses in the P(4-VP/S)-x% 
copolymers. 
            
The above investigations of IR spectra and relative permittivity of P(4-VP/S) 
have proposed an increasing spread of 4-VP units from the end-segment 
towards the center of chain in the P(4-VP/S)-2.5% and P(4-VP/S)-5% samples. 
The following experiment, as detailed in section 4.2.4, examines the variation 
of 4-VP distribution in the PS-dominant chains from the colloidal perspective. 
Namely, the variation of 4-VP distribution will affect the self-assembling 
behavior of the polymer in a dilute environment. In this experiment, a trace 
amount of liquid of a very dilute polymer solution in DMF was transferred to a 
TEM sample-holder and allowed for drying at room ambient conditions. As just 
mentioned, DMF absorbs moisture from air while evaporating, which increases 
hydrophilicity in the solvent medium with time. This is going to trigger 
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collections of the hydrophilic 4-VP-rich segments to attract more hydrophilic 
solvent in them. The dilute condition permits formation of discrete particles, 
each of which should therefore consist of a hydrophilic core and a PS shell 
providing that most of 4-VP units concentrate in the end-segment of a chain. 
This insight is indeed supported by TEM images (Figure 4.6) of the four P(4-
VP/S)-x% (x = 0 to 2.5), which display the occurrence of the hydrophilic core in 
the samples (x = 0.5 and 1.0). Contrary to these two samples, both (x = 0 and 
2.5) samples do not present core-shell particle structure because of a lack or an 
increasing spread of 4-VP in the chain that is consistent with the above studies. 
This examination justifies the hydrophilic nucleation as illustrated in Figure 4.1 
that is structurally selective only for the lightly doped PS chains (x = 0.5 and 
1.0). It will be noted that chain-packing steps surrounding the hydrophilic 
nuclei eventually enhances the NIR light reflectance on the surface of coating 
film formed.     
The second test examined the diluted water-in-oil (w/o) colloidal dispersion 
system (section 4.2.4), in which the self-assembling behavior was probed by the 
light-scattering measurement (Figure 4.7). The P(4-VP/S)-0.5% dispersion 
contains the largest emulsion droplets with the narrowest size distribution, 
whereas the dispersion of P(4-VP/S)-1.0% shows smaller droplet sizes but a far 
broader distribution range. With a higher 4-VP content, the dispersion of P(4-
VP/S)-2.5% contains the smallest droplet sizes amidst the dispersions but a 
narrower distribution range. This outcome can be interpreted by the fact that 
P(4-VP/S)-0.5% have the hydrophobic-prevail property due to a trace dose of 4-
VP units in the chains and therefore could stabilize only large water droplets 
through the surrounding of a large number of  4-VP end segments. In contrast, 
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smaller water droplets are stabilized with the increase in the content of 4-VP 
units in the end segments. Eventually, the P(4-VP/S)-2.5% dispersion reaches 
the stabilization limit with the smallest water droplets. As far as the broad 
droplet size range in the P(4-VP/S)-1% dispersion is concerned, it reflects a 
transition from the hydrophobic-dominant P(4-VP/S)-0.5% to the amphiphilic 
P(4-VP/S)-2.5%. Namely, a small variation of 4-VP mole fraction in individual 
polymer chains consisting of the P(4-VP/S)-1% sample affects obviously their 
assembling extent surrounding water droplets, resulting in a broader size 
distribution. In the end of increasing the 4-VP content, the rise of average 
droplet size from the P(4-VP/S)-2.5% dispersion to the P(4-VP/S)-5% 
dispersion can be ascribed to an extension of 4-VP units in the polymer chains, 
which weakens surface activity of the polymer, as explained above for the 
decrease in dielectric constant as described. Similarly, the P(4-VP/S)-1%h 
dispersion exhibits an even larger average droplet size than the P(4-VP/S)-1% 
dispersion despite very analogous 4-VP contents in both. As concluded above, 
an improved distribution of 4-VP monomer units over the polymer chain of 
P(4-VP/S) weakens the capability of polymer to disperse water droplets. 
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Figure 4.6 TEM images of the self-assembled P(4-VP/S)-x% colloidal particles 
generated from drying a diluted polymer solution in DMF in humid air. 
 
Figure 4.7 Light scattering measurement of dilute water-in-oil (w/o) colloidal 
PS dispersion system. 
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4.3.2 Effect of 4-VP content in P(4-VP/S) on the solar-reflectance 
The cast films made of the individual P(4-VP/S)-x% samples by the protocol as 
described in section 4.2.2 display different solar reflectance profiles (Figure 
4.8). They could be roughly divided into two groups: x = 0 to 1 versus x = 2 to 5, 
because the former three coatings reflect at least 78 % solar light in response to 
different light sources, while the latter two coatings show particularly weaker 
reflectivity in the IR wavelength range (from 0.2 to 400 m with the maximum 
intensity at 1 m) compared with the former three coatings. To understand this 
outcome, their surface morphologies in micron scale were inspected (Figure 
4.9a). As the control sample, the P(4-VP/S)-0 cast film, shows a dense matrix 
and a sparsely spread of micron-sized pothole-like pores. Similar but shallow 
holes also appear on the P(4-VP/S)-0.5% cast film that has however relatively 
rough matrix. These so-called potholes are formed due to condense water 
droplets from air while the DMF-P(4-VP/S) cast film is dried. On the basis of 
the above observation, a further zooming in to submicron scale (Figure 4.9b) 
unveils the detailed microstructures of the above two film matrices. Although 
both matrices consist of elementary particles of 10 nm or smaller, these 
nanoparticles undergo extensive coalescence in the P(4-VP/S)-0.5% film to 
form submicron (50 nm to 0.5 m) granules, whose random collection 
constructs a matrix with roughness in micron scale at maximum, whereas in the 
P(4-VP/S)-0 film, the nanoparticles assemble a much smoother and denser 
matrix where numerous slightly convex submicron bumps are observed as well. 
Similarly, the P(4-VP/S)-1% film still retains the three-stage microstructure: 
nano-particle  submicron-grain  rough-matrix, formed via the mechanism 
proposed in Figure 4.1. On contrary, the P(4-VP/S)-2.5% film exhibits a 
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microstructure where the nano-particles significantly coalesce and only the last 
two stages of microstructure are still distinct. Besides this, it has a honeycomb-
like matrix in micron scale (Figure 4.9a). Correspondingly, the P(4-VP/S)-5% 
film shows a very similar matrix to P(4-VP/S)-2.5% but a greater extent of 
nanoparticle mingling (Figure 4.10). On the other hand, AFM surface 
roughness in submicron scale provides the consistent contour as the above 
assignment (Figure 4.11). The coating films (with x = 0, 0.5 and 1) exhibit 
protruding structure with roughness as fine as 0.01 m, which on the other hand 
validates the previous SEM observation that individual submicron granules 
possess nano-scaled roughness on surface. This specific surface characteristic 
disappears on the films (with x = 2.5 and 5) as the result of heavy coalescence.   
Figure 4.8 Solar reflectance profiles of the P(4-VP/S)-x% cast films. 
Chapter 4 Solar Heat Reflective Coating Formed of Polystyrene Chains 








Figure 4.9b FESEM images of surface morphology of the cast P(4-VP/S) films 
at a high magnification (×70,000). 
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Figure 4.10 The FESEM images of P(4-VP/S)-5% copolymer casting film at 
magnification of 7000 and 70000. 
 
Figure 4.11 AFM images of the surface profile in micron scale of the cast P(4-
VP/S)-x% films. 
 
According to the above examinations on the microstructures of the five cast 
films, the submicron grains comprising partially coalesced nanoparticles 
(rosettes-like) are vital to scattering red light (622-780 nm) and in particular 
P(4-VP/S)-5% P(4-VP/S)-5% 
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NIR (ca. 0.8-5 m) radiations. Moreover, P(4-VP/S)-0.5% exhibits more 
distinct nano-roughness on submicron grains than P(4-VP/S)-1% and hence 
displays a stronger reflectance profile than the latter. As to the P(4-VP/S)-0 
film, despite a relatively flat and dense surface, there are submicron humps 
assembled by the nanoparticles rather closely distributed over its surface, which 
leads to a solar reflectance profile just below that of the P(4-VP/S)-1% film. 
The particular NIR reflectivity of the rosettes-like grains has been theoretically 
attributed to scattering through absorption of particular infrared bands (> 20000 
cm
-1
 or 0.5 m) by the polymer [101].  
Regarding the strong and close reflectance profiles occurring in the UV light 
(390-455 nm) and then the blue light (455-492 nm) ranges displayed by the four 
4-VP-doped PS films (x ≠ 0), they can be attributed to the random aggregations 
of submicron granules that leads to a rough surface (Figure 4.9b) since this 
phenomenon has been studied [20]. Contrary to this, possessing a relatively 
smooth and dense surface, the cast film of P(4-VP/S)-0 shows weaker 
reflectivity to the UV-blue lights. Moreover, with respect to the reference light 
source b891, the sequence of the reflectance values (Figure 4.8) could represent 
their overall reflecting capabilities to UV-Vis lights (or white light ranging 390-
700 nm) because a white ceramic tile giving a reflectance of 0.859 to this 
reference light source completely reflects white lights. Accordingly, the UV-Vis 
reflectance of the P(4-VP/S)-x% films follows the order (by the x value): 0.5 > 
1 > 0 > 2.5 > 5.0. Furthermore, the thermal analysis by DSC was employed to 
understand the polymer packing states in various cast films. The films (x = 0 to 
1.0), where the rosettes-like granules are present, reveal a slightly broader glass 
transition ranges in 3-5 ˚C than the films (x = 2.5 to 5), where the surface-
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smooth granules are present (Table 4.2). This analysis result indicates that more 
diversified polymer chain packing microenvironments occur in the former 
matrices relative to in the latter, suggesting that there would be more scattering 
and refraction when light travels in the former medium.        
 
Table 4.2 Impact of the 4-VP content (x) on the glass transition of the coating 
film matrix P(4-VP/S)-x%. 
x  0 0.5 1.0 2.5 5 


















4.3.3 Hydrophilic doped end-segment of PS chains - essential to the solar 
reflectance  
Regarding the effect of 4-VP doping extent (x %) in  the PS chain on the solar 
reflectance of the cast film as elaborated above, it is of interest to understand 
whether the doping by emulsion copolymerization is essential and whether 
other hydrophilic co-monomers can be in place of 4-VP in order to achieve 
similar solar reflective property. For the reason of easy quantifying, the doping 
extent of 1 % was chosen to check the concern about the necessity of o/w 
emulsion copolymerization. Figure 4.12 shows the solar reflectance profiles of 
the following cast films, P(4-VP/S)-1%, P4-VP(1%)-PS, and P(4-VP/S)-1%h, 
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in which the last two samples were prepared by solution blending and solution 
copolymerization as detailed in section 4.2.1. Compared with the microstructure 
of the P(4-VP/S)-1% film (Figure 4.9b), neither of the latter two samples 
possesses submicron-grain and rough-matrix that are required to improve 
reflections to UV-Vis lights as afore identified. The blending sample, P4-
VP(1%)-PS, owing to the formation of nano-scaled particle-boundary structure 
in its matrix, exhibits a stronger solar reflectance profile than P(4-VP/S)-1%h 
that has a plain matrix (Figure 4.13). In addition, the DSC analysis of these 
three samples (Figure 4.14) shows that P(4-VP/S)-1%h owns the highest Tg of 
PS because of the homogeneous distribution of the polar pyridine units as 
aforementioned. This chain structure therefore does not allow the hydrophilic 
nucleation to happen and in consequence no granularization proceeds. This 
examination justifies the unique role of the pseudo block-copolymer chain 
structure for attaining solar reflection efficacy, whose mechanism is illustrated 
in Figure 4.1. As far as the substitution of a hydrophilic monomer for 4-VP is 
concerned, three monomers, 4-styrensulfonate sodium (4-SS), N-vinyl 
pyrrolidone (N-VP) and 1-vinylimidazole (1-VI), were chosen at the 1% doping 
level to synthesize the corresponding samples through the o/w emulsion 
copolymerization. In this study (Figure 4.15) P(4-VP/S)-0 is included to 
benchmark the impact of hydrophilic doping. It turns out that the P(1-VI/S)-1% 
cast film shows the highest reflectance in this group, whose reflectivity values 
(~ 0.85) to two IR irradiation sources are even better than that of P(4-VP/S)-1% 
(Figure 4.12). It is assumed that the imidazole ring containing conjugated 
dipoles be the factor responsible to this difference. The rest two hydrophilic-
doped PS samples display different reflectance from the undoped PS sample 
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only in the two IR irradiation ranges, in which the doping by pyrrolidone group 
is above but by 4-styrensulfonate sodium group is below the reference. It could 
be concluded from this investigation that on the top of the surface morphology 
of cast film the identity of hydrophilic group influences the solar reflectance 
and an enhanced conjugation extent of polar dipoles may further promote solar 
reflectance profile.             
      
 
Figure 4.12 Solar reflectance profiles of the cast films made of the two different 
copolymers P(4-VP/S)-1%, P(4-VP/S)-1%h and the polymer blend P4-VP(1%)-
PS,   respectively. 
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Figure 4.13 FESEM images of the cast films made of the copolymer P(4-VP/S)-




Figure 4.14 The DSC diagram of casting films of emulsion polymerized P(4-
VP/S)-0, P(4-VP/S)-1%, solution polymerized P(4-VP/S)-1%h and blending 
homopolymer P4-VP(1%)-PS. 
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Figure 4.15 Solar reflectance profiles of the cast films made of the various o/w 
emulsion copolymers containing different hydrophilic monomer units. 
  
The breath-figure patterned copolymer films have been proved their effect on 
decreasing solar reflectivity and it is deduced that the concaves contribute to the 
decrease of reflectivity because of the reduced bumps for infrared scattering and 
low refractive index resulting from the porous structure.[122]  Besides, Min 
Soo Park and Jin Kon Kim have proved the principle that the destructive 
interference of reflective light from interface between air and film, film and 
substrate happened in coatings with breath figure pattern could be applied to 
anti-reflection coatings.[123] However, the breath-figure patterned surface has 
been found playing a role in improving the hydrophobic property of the film in 
this work. As shown in Table 4.3, P(4-VP/S)-2.5% and P(4-VP/S)-5% films 
shows much higher water contact angles than other copolymer films which do 
not possess the breath-figure patterned surface.  
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Compared to homo-PS film, copolymer films with the hierarchical 
assembling structure displayed an enhanced hydrophobic property in the contact 
angle test. It could be attributed to the large numbers of contour grains which is 
similar to the hairy surface of poplar’s backside leaf. This kind of structure has 
not only been demonstrated its high reflectivity but also its superhydrophobic 
property. [124] 
Table 4.3 The contact angle of copolymers with varied fraction of 4-VP 



























When a very low dose ( ≤ 1 𝑚𝑜𝑙 % ) of 4-vinylpyridine (4-VP) is 
copolymerized with styrene in an o/w emulsion, a pseudo block-copolymer 
chain structure is obtained, in which 4-VP units concentrate in a short end-
segment of a PS-dominant long chain. The symbol P(4-VP/S)-x% is used to 
denote the samples prepared. According to 
1
H-NMR characterization, the actual 
content of 4-VP in the resulting copolymer is lower than the designated content 
(x %) in the monomer feed for polymerization. Such a minor content of co-
monomer is normally insignificant to most of copolymer properties, the 4-VP is 
thus considered as a functionality dopant in a PS chain since it influences only 
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specific applications. This minor 4-VP doping extent is essential for achieving a 
particular cast film matrix by using DMF as solvent. It is because this pseudo-
block chain structure that prompts a three-stage evolution to form a rough film 
matrix: from elementary nanoparticles (~ 10 nm) to submicron granules (50-
100 nm) and lastly to a random collection of the granules to construct a rough 
topography in micron scale. The resulting cast film exhibits improved solar 
reflectance (≥ 80 %) versus its pristine PS counterpart. It has also been 
identified that the presence of the partially coalesced nanoparticles is crucial to 
the reflection of near infrared (NIR) irradiation. On the contrary, a slight 
increase in 4-VP content, such as P(4-VP/S)-2.5%, leads to a breath-figure 
patterned matrix comprising heavily coalesced elementary nanoparticles and 
hence a significant reduction in the NIR reflectance. This variation is attributed 
to the loss of pseudo block-copolymer chain structure due to an increase in the 
spreading of 4-VP units in the PS chain.  In addition, the rough topography 
consisting of submicron granules is required to enhance reflectance to UV-Vis 
lights. Relative to this, the pristine PS coating film reveals weaker UV-Vis 
reflectance because of a lack of the rough topography. To justify the above 
result, two control samples based on solution blending of PS and 1 % P4-VP 
(based on monomer unit) and solution copolymerization of 1 % 4-VP and 
styrene were prepared, which give the two reference ranks of solar-reflectance. 
Finally, this work attempted the substitution of another hydrophilic monomer at 
the 1 mol% content in feed with respect to styrene monomer. Amidst the three 
hydrophilic monomers examined, 1-vinyl imidazole (1-VI) gives the highest 
solar reflectance, which is presumably associated with the conjugation of 
dipoles.    
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Chapter 5 SiO2 Hollow Spheres as Solar 
Reflective Pigment in a Composite Coating – 
Effect of Size and Shell Morphology  
Abstract: This study explores a solar reflective composite coating comprising 
SiO2 hollow spheres and an acrylic matrix. In contrast to irregular solid metal 
oxide particles, spherical cavity and porous shell apparently impact solar 
reflectance through destructive interference of light inside the spherical cavity 
and massive light scattering in the porous shell. The micron cavity shows 
stronger solar reflectivity than submicron or nano cavity in the Vis-NIR range. 
Other than solar reflectance, the assessment on prepared samples by UV-Vis 
NIR spectroscopy reveals more discernable performance in the UV range, 
indicating the role of surface area on reflectance of submicron hollow silica 
spheres. To justify the uniqueness of spherical cavity, the SiO2 solid spheres 
display negligible solar reflectivity enhancement against the polymer matrix. 
Finally, assimilating a low dose of TiO2, ZnO and Ag, respectively, into hollow 
silica shell results in a sliding of reflectance in the range from visible to short 
wavelength IR, implying the essence of the pristine SiO2 shell in rejecting this 
portion of irradiation. The main outcome of this chapter is the unveiling of the 
detailed study on how hollow structure affects solar light reflection.   
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Fundamentally, individual filler particles are Mie scattering centers to sustain 
NIR reflectivity primarily because of their high refractive indices and particle 
sizes/shapes and structures[125]. Particle designs through altering surface 
morphology or doping solid solutions or implementing interfaces within 
particles with the aim to adjust optical properties have been comprehensively 
undertaken recently.[126-129] Besides solid particles, optical properties of 
hollow microspheres have also been investigated, in which hollow silica 
nanoparticles having the sizes of the visible wavelengths and shell thickness of 
1-15 nm display noticeable Mie scattering that reflect specific visible light [28, 
130]. These hollow silica nanoparticles were synthesized by slightly different 
methods using polystyrene spheres as sacrificial core templates. Additionally, 
hollow spheres assembled by silica nanoparticles were found to possess high 
UV and visible light reflectivity [131] for which Rayleigh scattering also 
contributes. Regarding the application of hollow silica spheres to NIR reflective 
coating, 3M
TM
 glass bubbles with average diameters in the range from 30 to 
150 m are the good demo. The slabs packed by these glass bubbles show 
intense reflectance in the NIR range (0.3 to 2 µm). Albeit a flat glass thin film 
has a very low effective refractive index and a high transmittance to Vis-NIR 
radiations [132],  the high reflectance exhibited by hollow glass beads is 
attractive, which could be interpreted using light scattering phenomenon by 
bubbles because it results in a strong cross-polarized component in the near 
backward direction [133]. But there is an obvious mismatch between the sizes 
of 3M glass bubbles and the wavelength range of Vis-NIR light (0.3 to 2.0 µm), 
which is beyond the all-known  Mie’s scattering effect [20]. It was also reported 
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recently that the maximum scattering coefficient of hollow TiO2 particles to a 
particular NIR light corresponds with a ratio of particle radius to shell thickness 
[134]. In consequence, it is interesting to understand how the nano-shell of 
hollow inorganic spheres with sizes falling in the Vis-NIR range, in terms of its 
thickness, porous feature and chemical composition, affects hollow spheres’ 
reflectance to light.   
The work in this chapter aims to understand the impacts of the nano-shell 
structure of hollow silica spheres and metal or metal oxides coating outside the 
nano-shell on reflectance. With respect to the synthesis of hollow silica spheres, 
there have been the following protocols to construct the precursor of silica shell 
for further calcination: (i) the triple water/oil/water (w/o/w) emulsion 
precipitation, where a water/oil (w/o) emulsion was used as template and the 
final continuous aqueous phase supplies precipitant of the silicate that was 
initially encapsulated by the oil layer to deposit silica [131]; (ii) the alcoholic 
dispersion polymerization, where silica sol coexists with styrene in methanol 
and the sol particles undergo condensation on the PS beads formed in-situ 
[130]; (iii) the use of PS spheres prepared by soap-free emulsion 
polymerization as core-template, on which a positively charged surface is 
equipped prior to the deposition of SiO2 from Si(OEt)4 (TEOS) since this 
surface characteristic favors the sol-gel reaction. The positive surface of 
template cores is attained basically by grafting or coating of a thin hydrophilic 
layer with weak H
+
 acceptors, which could be a polymer, e.g. 
polyvinylpyrrolidone (PVP), [135-137] or a fragment of the free radical 
initiator, 2,2'-Azobis(2-methylpropionamide)dihydrochloride (AIBA) [138]. It 
is rational that the detailed reaction conditions to construct the SiO2 nano-shell 
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by any of the above protocols, besides the calcination temperature to remove 
the template, would affect the microstructure of the final SiO2 shell because the 
gelation of sol particles takes place on the PS beads where the surface tension, 
solvation layer and curvature must affect the gelation [139], which in turn 
impacts the light scattering feature. In this study we used the approach 
developed by Nandiyanto [138] to prepared hollow silica spheres with diameter 
of ca. 300 nm, while in which the synthesis of PS template and growth of SiO2 
were subsequently completed in one pot instead of two steps as originally 
reported. On the other hand, to synthesize the smaller hollow silica spheres (~ 
50 nm), an emulsifier is required to prepare PS template in the same 
polymerization system, whereas to synthesize the larger spheres (~ 2000 nm), 
the PS template was prepared by suspension polymerization in ethanol and the 
deposition of SiO2 shell on the resulting PS beads was conducted separately.  
The following findings have been attained: (i) The porous feature of the SiO2 
shell of hollow spheres (HS) in ca. 300 nm, which varies from a continuous 
network to nanoparticle-assembling shell structure with the increase in the 
TEOS loading against the PS surface formed, profoundly influences the solar 
reflectance of either the composite films where they are embedded or powder-
packing slabs, for which the nanoparticle-assembling shell structure turns out to 
be more effective than the continuous network counterpart; (ii) With respect to 
the impact of particle size on solar reflectance of the composite coating, the 
order observed follows HS2000 > HS300 > HS50 (“HS” is short for “hollow 
spheres” and the number after “HS” denotes the approximate particle size), of 
which the porous features are comparable; (iii) Coating the shell of hollow 
silica sphere in ca. 300 nm by TiO2 (35 wt. %), ZnO (24 wt. %) and Ag (11 wt. 
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%), respectively, leads to a higher reflectivity in NIR wavelength range but a 
drop in UV-Vis wavelength range. It can be concluded from these experimental 
results that the pore structure and a continuous low dielectric medium 
throughout the silica shell as well as the diameter of hollow silica spheres are 
vital to the scattering of light.       
 
 
5.2 Experimental  
5.2.1Preparation of hollow silica in submicron and micron scale 
Soap-free emulsion polymerization was conducted to prepare PS submicron 
particles at first. In a typical experiment, 23.6 mg of AIBA and 50 mL de-
ionized water were fed into a one-neck round bottom flask. The mixture was 
stirred for 5 min with Argon bubbling after which 1 mL of styrene was added in 
and kept bubbling for another 20 min. Subsequently, the flask was immersed 
into a 65 ˚C oil bath to start the polymerization. After 20 hrs, argon supply was 
removed and the temperature of oil bath was adjusted to 60˚C to be ready for 
subsequent sol-gel reaction. Without segregation of PS particles and exchange 
solvent from water to ethanol, 2 mL of lysine aqueous solution (3.65 wt. %) 
was injected into the latex to mix with PS latex directly and certain amount of 
TEOS (0.8 mL, 1.6 mL or 3.2 mL) was added into the system to deposite a 
silica layer onto the PS particles. The sol-gel reaction lasted for 20 hrs and 
obtained particles were collected by centrifugation and washed by DI water for 
a few cycles. The dried products were then heat up to 550 ˚C for 4 hrs to calcine 
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the PS cores to attain the hollow silica spheres. The diameter of hollow spheres 
obtained in this reaction system is ca. 300 nm. For convenient recognition, 
prepared samples with different TEOS fed in will be denoted as HS300-0.8, 
HS300-1.6 and HS300-3.2 in the following text in which “HS” is short for 
“hollow spheres”, “300” denotes the approximate particle size and the number 
after the hyphen indicates the amounts of TEOS added into the reaction system 
whose unit is mL. In addition, to obtain hollow silica spheres in nano-scale, 50 
mg of CTAB was input as the emulsifier prior to the polymerization of PS 
seeds. With 1.6 mL of TEOS input, the final hollow silica spheres obtained are 
ca. 50 nm.   
For hollow silica spheres in micron scale, conventional method was applied. 
PS cores in micron-scale were synthesized by dispersion polymerization firstly 
in which 0.6 g of PVP, 0.04 g of AIBA and 40 mL of ethanol were input into a 
one-neck round-bottom flask. 5 mL of styrene was added into the solution with 
argon bubbling for 20 min and subsequently the flask was immersed into a 70 
˚C oil bath to start the polymerization. After 24 hrs, the solution was 
centrifuged and washed with ethanol for three times to remove residue 
monomer and surfactants. Secondly, 1 g of dried polystyrene spheres was 
mixed with 1.9 mL of de-ionized water and 93.6 mL ethanol. The mixture was 
sonicated for 5 min to disperse polystyrene particles in the solvent uniformly 
and 1.3 mL of ammonia was then added into the mixture as the catalyst. 
Subsequently 3.2 mL of TEOS was dropped in to start the hydrolysis and 
condensation reaction. After 48 hrs, the mixture was collected by a few 
centrifugation cycles and dried in the oven at 80 ˚C overnight. Hollow silica 
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spheres with micron diameter at ca. 2000 nm could be obtained after calcination 
under 550 ˚C for 4 hrs. 
5.2.2 Preparation of TiO2, ZnO or Ag coated hollow SiO2 spheres 
The as-prepared submicron PS@SiO2 spheres, the precursor of sample HS300-
1.6, were used as substrates for bilayer composite hollow spheres with TiO2, 
ZnO or Ag coated outside. Subsequently calcination was conducted to remove 
the PS cores to attain the composite hollow spheres.  
In the preparation of hollow SiO2@TiO2 spheres, 0.1 g of PS@SiO2 spheres 
was dispersed in 20 mL of ethanol by sonication firstly. The dispersion was 
stirred and mixed with 1 g of H2O and 20 mg acetic acid. Subsequently, 100 mg 
of titanium n-butoxide (TNB) was dissolved in 20 mL ethanol and added into 
the dispersed solution. The mixture was stirred under 50 ˚C for 20 hrs to coat 
TiO2 on the surface of PS@SiO2. At last, the spheres were obtained and washed 
with ethanol by centrifugation. Hollow SiO2@TiO2 spheres (TiO2:SiO2=35 
wt. %) were harvested by calcination under 550 ˚C for 4 hrs.  
In the preparation of hollow SiO2@ZnO spheres, 0.11 g of Zn(Ac)2∙2H2O salt 
was used as the Zn source and mixed with 40 mL of 2-propanol in a 100 mL 
one-neck round bottom flask. After stirring at room temperature for 10 min, the 
flask was immersed into a 55 ˚C oil bath to dissolve the salt in 2-propanol and 
kept stirring for 1 hour. Then 0.25 g of core-shell PS@SiO2 spheres were 
dispersed into 10 mL of deionized water through sonication and the obtained 
dispersion was added into the reaction medium. After stirring for 20 min, the 
reaction mixture was cooled down to room temperature and 2 mL of 0.2 M 
NaOH aqueous solution was injected. The temperature of oil bath was heated 
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up to 55 ˚C again to process the reaction for 20 min. Finally the resulting 
products were washed by water and ethanol by centrifugation. Hollow SiO2 
spheres with ZnO coated (ZnO:SiO2=24 wt. %) were obtained after calcination 
treatment. 
To introduce Ag onto the surface of core-shell PS@SiO2 spheres, AgNO3 
aqueous solution (1g/100mL) was prepared as the Ag precursor. After 
dispersing 0.1 g of PS@SiO2 spheres in 30 mL ethanol uniformly by sonication, 
0.8 mL of AgNO3 solution was dropped in and stirred at 55 ˚C overnight to 
evaporate the solvent completely. Hollow silica spheres with Ag doped 
(Ag:SiO2=11 wt. %) were collected after calcination at 550 ˚C. 
5.2.3 Preparation of solar reflective coatings with hollow spheres 
incorporated 
A polymer solution composed of 4 wt. % of polymer binder (B-82) and 96 wt. 
% of solvent (mixture of equivalent volume of toluene and MEK) was prepared. 
To compare the properties of coatings with specimens incorporated as pigment, 
the volume ratio of pigment to binder is maintained consistent rather than 
weight ratio because volume ratio of the two components is a critical parameter 
in calculating the scattering intensity of the whole system according to reported 
simulation work.[140] The density change of hollow spheres from the bulk 
material makes it difficult to input identical volume of all the specimens. 
Therefore, under an assumption that the density difference in various shell 
structures could be neglected, certain volume of hollow spheres corresponds to 
a certain weight of core-shell spheres before calcination.  For instance, in 0.75 
mL of polymer solution, the volume of hollow spheres incorporated is 
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equivalent to the volume of 0.03 g of core-shell spheres and according to its 
thermogravimetric analysis (TGA) result, the practical weight of hollow spheres 
supposedly to be input could be calculated out. Based on this principle, same 
volume of specimens was fed into the coating solution respectively, and the 
mixture was stirred under room temperature for 72 hrs until the powder was 
dispersed uniformly. Subsequently the uniform coating solution was dropped 
onto the glass substrates and dried under 80 ˚C for 24 hrs. Three pieces of 
samples were fabricated for one kind of hollow spheres to guarantee the 
accuracy and introduce error bars for the reflectivity results.  
5.2.4 Characterization 
The surface contour of a coating and its roughness were recorded by atomic 
force microscopy (AFM) (Bruker Dimension ICON). The samples were 
scanned by tapping mode in a designated size, e.g. 1 µm × 1 µm, and in a 
scanning frequency of 0.6-1.0 Hz. The obtained AFM data were processed into 
3-D pictures using the software (Nano Scope Analysis 1.40). The functional 
groups on the surface of spheres were determined by using Fourier transform 
infrared spectroscopy (Bio-Rad Excalibur FTS-3500 FTIR spectrometer) for 
which the as-prepared products were pressed into KBr pellets. Transmission 
electron microscopy (TEM) was employed to examine the diameter and 
thickness of hollow spheres and its mapping mode of EDX was applied to 
indicate the distribution of different elements in the hollow spheres. 
Quantachrome Autosorb 1-C was used for BET surface area and porosity 
analysis of hollow spheres. Thermogravimetric analysis (TGA, Q50) was 
applied to determine the weight ratio of PS template to inorganic shell. The 
temperature program is set up as ramping to 900 ˚C at a rate of 10 ˚C/min.  
Chapter 5 SiO2 Hollow spheres as Solar Reflective Pigment in a 
Composite Coating – Effect of Size and Shell Morphology 
102 
 
UV-Vis NIR spectroscopy (Shimadzu 3600) was applied for studying the 
absorbance and total reflectance of obtained hollow spheres, scanning from 200 
nm to 2500 nm. For the total reflectance characterization, BaSO4 was pressed 
into a white board as the standard reference with 100 % reflectance due to its 
good reflectance to light in the whole wavelength range. It was also the 
background for samples on which the specimens were mounted for scanning. 
The total diffuse reflectance was measured as the relative reflectance, which is 
the ratio of flux reflected by the specimens to the flux reflected by the reference 
surface. Therefore, in certain cases, it is possible that the reflectance of 
specimen is higher than 100 %, indicating a stronger reflectivity of the 
specimen than that of BaSO4. In addition, the solar reflectance of composite 
polymer coatings with all the specimens incorporated as reflective fillers was 
recorded by the solar spectrum reflectometer mentioned in chapter 3 and 4. 
 
 
5.3 Results and Discussion 
5.3.1 Thickness effect of hollow silica spheres on the solar light reflectivity 
The TEM images in Figure 5.1 depict the morphology of mono-dispersed 
hollow silica spheres in submicron scale prepared with different amount of 
silica precursor (TEOS) which are HS300-0.8 (a1,a2), HS300-1.6 (b1, b2) and 
HS300-3.2 (c1,c2) respectively. Calculated from the scale bars, though the PS 
template for them is the same since one-pot method was used, average 
diameters for the three kinds of hollow silica spheres are 294 nm (a), 318 nm (b) 
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and 357 nm (c) respectively, indicating the increased thickness of silica shell of 
hollow spheres with the increased volume of TEOS fed in and an evolution of 
shell structure could be observed. A continuous network is developed for 
HS300-0.8 which mainly consists of SiO4 tetrahedral units. As more TEOS is 
added in, more units interconnect with each other and formed nanoparticles 
gelate together, resulting in a denser silica shell of HS300-1.6. While the 
amount of TEOS increases to 3.2 mL, a nanoparticle-assembly structure 
appears because of the aggregation of exceeded nanoparticles on the surface of 
the HS300-3.2. At the same time, they also condensated with nanoparticles on 
neighbored particles, leading to the slight deformation of the spherical structure. 
Their shell structure difference results in their different surface area (listed in 
Table 5.1) relating to their reflectance performance. Among the three kinds of 
hollow silica spheres with varied shell structure, the highest surface area is 
observed for HS300-0.8 due to the loose continuous network while the lowest 
for HS300-1.6 because of the dense nanoparticles gelation. Instead of pores 
inside shell, the second highest surface area of HS300-3.2 originates from 
interspace between aggregated nanoparticles. The real amount of silica 
deposited onto the PS cores is determined by TGA analysis of PS@SiO2 core-
shell spheres. The weight percentages of hollow spheres left to core-shell 
spheres are 37.66 %, 42.25 % and 51.18 % for HS300-0.8, HS300-1.6 and 
HS300-3.2 respectively, which increase with the amount of input precursor. 
The TGA curves (Figure 5.2) show that a slight weight loss below 300 ˚C 
appeared due to the evaporation of physically adsorbed moisture or residual 
solvent and the PS core started to decompose from 300 ˚C and ended at ca. 400 
˚C between which the major weight loss occurred. Besides, there is a small 
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second drop of weight at around 550 ˚C which could be attributed to the 
disappearance of hydroxyl groups on the surface of silica shell.  
 
Figure 5.1 TEM images of hollow silica spheres in 300 nm with different 
amount of TEOS added in the reaction system (a1-2: 0.8 mL; b1-2: 1.6 mL; c1-
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Table 5.1 The surface area and weight ratio of inorganic shell to core-shell 
spheres of all the samples. 
Sample denotation Surface area (m
2
/g) 
TGA weight ratio 
(%) 
SS300 19.88 100.00 
HS300-0.8 304.60 37.66 
HS300-1.6 (550 ˚C) 175.60 42.25 
HS300-1.6 (650 ˚C) 114.95 42.25 
HS300-3.2 200.65 51.18 
HS50 382.73 37.63 
HS2000 296.00 6.14 
HS300-TiO2 134.79 50.30 
HS300-ZnO 82.99 48.03 
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Figure 5.2 TGA diagram for hollow silica spheres in 300 nm with different 
amounts of TEOS added in the reaction system. 
 
The diffuse reflectance including specular reflection of above obtained 
hollow silica spheres in the range from 300 to 2500 nm was measured by UV-
VIS NIR spectroscopy and the spectra are shown in Figure 5.3. Solid silica 
spheres in approximate diameter with submicron hollow spheres were 
synthesized by classic Stöber method as the control sample which will be 
designated as SS300, where “SS” represents “solid silica” and 300 stands for 
the average diameter. Compared to solid silica spheres, a significantly higher 
reflectance is observed for all hollow silica spheres in NIR region. It is 
presumed that the internal chamber and the porous shell of hollow spheres 
provide additional boundaries between silica and air for light to conduct 
refraction and hence improve the scattering activity of light. In fact, the surface 
area of solid silica spheres is only 19.88 m
2
/g, much lower than that of hollow 
silica spheres which explained its low reflectance in NIR wavelength range. 
Moreover, the hysteresis loop appeared in the nitrogen adsorption/desorption 
isotherms (Figure 5.4) of HS300-0.8, HS300-1.6 and HS300-3.2 does not 
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overlap at low P/Po which indicates the low permeability of shells with very 
small pores of as-prepared hollow spheres, while it is not observed in the 
isotherm of solid silica spheres. However, an optimum surface area should exist 
since excess boundaries could also result in the extinction of light inside the 
chamber which is proved by the relatively higher surface area of HS300-0.8 and 
HS300-3.2 than HS300-1.6 but relatively lower reflectance of them in UV-Vis 
region at the same time. This explanation is also supported by the improved 
reflectance performance in UV-Vis region by calcining core-shell spheres 
(precursor of HS300-1.6) under 650 ˚C instead of 550 ˚C (Figure 5.5) due to its 
decreased surface area (Table 5.1), resulted from densification effect at the 
elevated calcination temperature. 
Generally hollow silica spheres show a relatively high reflectance from 2500 
nm to 800 nm located in the NIR region and a slightly lower reflectance from 
300 to 800 nm in UV-Vis region. Their reflectance in NIR region could reach 
up to around 100% but drops down to 70 %, 80 % and 90 % for HS300-3.2, 
HS300-0.8 and HS300-1.6 at 300 nm respectively. However, the trend of solid 
silica spheres is just the opposite, obeying the Rayleigh scattering theory that 
the scattering intensity increases with decreased wavelength of light. The 
inconformity of hollow silica spheres’ reflectance to Rayleigh scattering is 
attributed to the extinction of light with short wavelength occurred in the 
chamber and porous structure of hollow spheres. When light with short 
wavelength incidents on the hollow spheres, refraction occurs in the interface 
between air (n=1 at wavelength of 589.29 nm) and silica (n=1.458 at 
wavelength of 589.29 nm) due to refractive index difference which not only 
enhances the scattering activity of light but also makes partial incident lights 
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undergo destructive interferences inside the chambers and exercise effective 
cancellations. However, for incident light with wavelength much larger than the 
diameter of particles, the free space in the hollow chamber is not enough for 
refraction of longer wavelength light. Therefore, scattering on rough surface or 
diffraction prefers to happen rather than refraction in this case. While for solid 
silica spheres, refraction tends to be weak due to the absence of voids and 
chambers. In this case, light in comparable wavelength with the diameter of 
solid silica spheres prefers to be scattered by the surface while diffraction 
occurs for light whose wavelength is twice larger than the diameter of solid 
silica spheres, leading to the lower reflectance in NIR wavelength range and 
higher reflectance in UV-Vis wavelength range.  
The short light’s cancellation and destructive interferences occurred in hollow 
chambers could also be supported by the absorbance spectra of hollow silica 
spheres. The samples for absorbance spectra scan were prepared as a ca. 0.16 
wt. % of powder-ethanol homogeneous solution. In Figure 5.6, hollow silica 
spheres all display a higher absorbance in UV-Vis region than in NIR region, 
corresponding to their lower reflectance aforementioned while the absorbance 
of solid silica is lower than that of hollow spheres in spite of their identical 
concentration. The absorbance peaks at ca. 220 nm and 260 nm could be 
attributed to the O-H bond on the surface of spheres since ethanol was used as 
the solvent to disperse calcined samples for UV-Vis NIR absorbance 
spectroscopy [141]. Moreover, all the hollow samples display a blue shift of 
their characteristic peaks of O-H bond, consistent to their slightly lower 
reflectance in UV region compared to solid silica’s absorption spectrum. 
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It could be concluded that the high surface area and porous shell of hollow 
spheres are advantageous for high reflectance in NIR region in contrast to solid 
silica spheres, accompanied with absorption of short light and thereby the 
decreased reflectance in UV-Vis wavelength range. Since the solar heat mainly 
comes from NIR region, the optical property of hollow silica spheres guarantees 
their qualification as pigments for solar reflective coatings.  
 
Figure 5.3 The diffuse reflectance of hollow silica spheres with different 
thickness of shell and solid silica spheres in approximate diameter. 
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Figure 5.4  The Nitrogen adsorption/desorption isotherms of sample HS300-0.8, 
HS300-1.6 and HS300-3.2. 
 
Figure 5.5 The diffuse reflectance spectra of HS300-1.6 prepared with different 
calcination temperature. 
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Figure 5.6 The absorbance of HS300-0.8, HS300-1.6, HS300-3.2 and SS300 
dispersed in ethanol solution. 
 
Therefore, in consideration of the practical application of hollow spheres in 
solar reflective coatings, the as-prepared samples were incorporated into 
polymer matrixes as the reflective pigments. Their solar reflectance profiles 
were recorded by the solar spectrum reflectometer, displayed in Figure 5.7. 
Though half volume of a coating is B-82 binder which barely has reflectance, 
the solar reflectance of these coatings still reaches up to nearly 72%-87% with 
the effect of hollow silica spheres. Different from the low diffuse reflectance in 
UV region of hollow silica spheres’ powder slab, these coatings all scatter more 
lights in UV and visible (Blue, Red) wavelength range than IR wavelength 
range. In view of Rayleigh scattering theory, scattering intensity of particles to 
light is inversed fourth power of the wavelength [142]. Hence shorter 
wavelength in UV and visible wavelength range prefers to be scattered by the 
surface of coatings, resulting in the high reflectance observed.  
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In addition, the reflectance of coatings involving hollow silica spheres could 
reach at least above 70 % whist coatings with solid silica spheres only displays 
a solar reflectance at ca. 10 % which scarce improves the reflectance of pure B-
82 coating. The sharp drop in solar reflectance for solid silica spheres 
incorporated coating could be attributed to the weak fusion between solid 
spheres and polymer binder because the lights’ refraction activity occurred 
inside a coating mainly depends on the difference of refractive index between 
silica and polymer binder instead of between silica and air. Therefore, it could 
be presumed that polymer binder is brought into the hollow chamber of hollow 
spheres by solvent while only contacts with solid spheres outside their surface. 
After the solvent evaporated, coatings with hollow spheres show a rougher 
surface because partial surface of hollow spheres exposes to the ambient 
condition while for coatings with solid silica spheres, the surface is smoother 
due to the polymer binder surrounding outside. Their surface morphologies 
were scrutinized by atomic force microspcopy (AFM) and the AFM images 
(Figure 5.8) show that the surface of coatings with hollow spheres inside is 
indeed rougher than that of coatings with solid spheres inside.  
For the solar reflectance of the three kinds of hollow silica spheres, consistent 
with their diffuse reflectance, HS300-3.2 coating also possesses the highest 
reflectivity in IR wavelength range and lowest reflectivity in UV wavelength 
range. However, HS300-0.8 coating doesn’t show its relative high reflectance in 
NIR region in the solar reflectance spectrum. The reason may be that the 
absorption resulting from the largest surface area is enlarged when the 
refractive index difference between air and silica is exchanged to polymer 
binder and silica. All in all, focusing on the b891 value (solar reflectance to air 
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mass 1.5 direct irradiance), HS300-3.2 is the optimal hollow spheres suitable as 
the pigments for solar reflective coatings. 
 
Figure 5.7 The solar reflectance of coatings with hollow silica spheres with 




Figure 5.8 The AFM images of coatings with solid silica spheres and hollow 
silica spheres as pigments with scan size in 1µm. 
 
Chapter 5 SiO2 Hollow spheres as Solar Reflective Pigment in a 
Composite Coating – Effect of Size and Shell Morphology 
114 
 
5.3.2 Size effect of hollow silica spheres on the solar light reflectivity 
On the basis of Mie and Rayleigh scattering, the diameter of particles is the 
crucial factor to the scattered light intensity. Therefore, hollow silica spheres 
with different diameters were synthesized to investigate their effect on the 
reflectance. The TEM images (Figure 5.9) present that the hollow structure of 
silica spheres in 50 nm, 300 nm and 2000 nm and they are designated as HS50, 
HS300 and HS2000 respectively in which the number after HS indicates the 
diameter of spheres with nm as the unit.  The weight ratios of hollow silica 
spheres in 50 nm and 2000 nm are 37.63 % and 6.14 % respectively (Table 
5.1). 
The diffuse reflectance spectra of hollow silica spheres with different 
diameters are displayed in Figure 5.10. To minimize the surface area effect on 
reflectance among hollow silica spheres in varied diameters, HS300-0.8 was 
chosen as the representative sample in submicron scale since it owns the 
approximate surface area (ca. 300 m
2
/g) to that of nano-scaled and micron-
scaled specimens. The diffuse reflectance spectra show that hollow silica 
spheres in ca. 50 nm possess the lowest reflectance from 200 to 2500 nm 
among all the samples. Since the diameter of HS50 is much smaller than the 
wavelength of light source irradiated from UV-Vis NIR spectrometer, Rayleigh 
scattering could be applied in which the scattering intensity is proportional to 
third power of the particle size. Based on this principle, the scattering intensity 
will decrease with the decreased diameter of particles which could explain the 
low reflectance of HS50. Besides, as the particle size is decreased, the 
absorption efficiency will dominate over the scattering efficiency as reported 
[143]. Therefore, the very small particles will display a weak light scattering 
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but a strong absorbance. For other two cases, HS2000 performs better in NIR 
wavelength range than HS300 but worse in short wavelength range. As 
mentioned in previous section, the relatively larger surface area of HS2000 
contributes to its absorbance of light in shorter wavelength range resulting in 
the relative lower reflectance than HS300 and HS2000’s improved reflectance 
in NIR wavelength range is attributed to the increased diameter regarding to 
Mie scattering.  
Similarly, hollow silica spheres in nano-scale, submicro-scale and micron-
scale were also introduced to B-82 solution to cast coatings with identical 
volume of hollow silica spheres incorporated. The performance of their solar 
reflectance is consistent to the results in diffuse reflectance in the order of 
HS2000 > HS300 > HS50 (Figure 5.11). In spite of a slight drop in reflectance 
of HS2000 in UV wavelength range (200 to 400 nm) in the diffuse reflectance 
spectrum, the outstanding reflectance in NIR wavelength range of HS2000 
hollow spheres compensates its drawback and displays the highest solar 
reflectance in the whole solar spectrum among all the specimens. All above, 
2000 nm appeared to be the optimal diameter of hollow spheres to obtain the 
highest reflectance no matter for hollow spheres or for coatings’ counterpart. 
 
Figure 5.9 The TEM images of hollow silica spheres (a: HS50; b: HS300; c: 
HS2000). 
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Figure 5.11 The solar reflectance profile of coatings with hollow silica spheres 
in varied diameters as pigments. 
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5.3.3 Modification of hollow silica spheres by introducing other metal outside 
In this present section, TiO2, ZnO and Ag were chosen as the dopant for hollow 
silica spheres to further enhance composite spheres’ reflectance, taking 
advantage of their high refractive index or high carrier concentration. The un-
calcined core-shell PS@SiO2 spheres denoted as CS300-1.6, were used as the 
seeds for composite spheres. The TEM images in Figure 5.12a, 5.12b and 5.12c 
depict the hollow structure of TiO2 coated hollow silica spheres, ZnO coated 
hollow silica spheres and Ag coated hollow silica spheres respectively which 
are designated as HS300-TiO2, HS300-ZnO and HS300-Ag. Their un-calcined 
core-shell structured samples are denoted as CS300-TiO2, CS300-ZnO and 
CS300-Ag respectively. In view of Figure 5.12a, the outer surface of HS300-
TiO2 is rougher and thicker than that of HS300 spheres and the EDX images in 
mapping mode indicates the existence of a layer of titanium dioxide outside the 
silica layer. Though the structure of HS300-ZnO is not as apparent as HS300-
TiO2, the EDX image reveals a uniform distribution of ZnO on the surface of 
hollow silica spheres in Figure 5.12b. However, for HS300-Ag, only a few 
aggregated Ag nanoparticles could be observed and the color of CS300 changed 
from white to grey after AgNO3 was coated on and to dark green after the 
calcination under 550 ˚C, demonstrating the formation of HS300-Ag hollow 
spheres. In addition, it could also be speculated from the slightly increased 
weight ratio in the TGA data in Table 5.1 that small amounts of ZnO, TiO2 and 
Ag have been introduced onto the surface of hollow silica spheres and they 
occupy partial mesopores of hollow silica spheres, giving rise to the reduced 
surface area (Table 5.1). 
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Figure 5.12a The TEM images of HS300-TiO2 and EDX of mapping mode 
indicating elements Si and Ti. 
 
Figure 5.12b The TEM images of HS300-ZnO and EDX of mapping mode 
indicating elements Si and Zn. 
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Figure 5.12c The TEM images of HS300-Ag. 
 
In the Fourier transform infrared spectra (Figure 5.13), a series of 
representative adsorption peaks of Si-O-Si bond at around 1096, 801 and 469 
cm
-1
 in spectra of all the specimens, indicate the symmetric stretching, 
symmetric stretching, and bending vibration for the silica structure respectively 
[144]. A slight shift to higher wavenumber of these characteristic peaks in the 
series of hollow spheres compared to core-shell spheres is attributed to the 
increase of density of Si-O-Si network after the heat treatment [145]. The CH2 
rocking mode at 700 cm
-1
, the C-H out of plane band at 760 cm
-1
, aromatic C-H 






and CH2 stretching mode at 
1450 cm
-1
 are only observed in spectra of the series of core-shell spheres, 





of core-shell spheres comes from the NH3
+
 group and CH2 bonds of lysine used 
in  sol-gel process [146]. In addition, the representative peaks of NO3
-
 from 
AgNO3 at 1383 cm
-1
 and acetate functional group at 1554 cm
-1
 from 
Zn(Ac)2∙2H2O in the spectra of CS300-Ag and CS300-ZnO demonstrate the 
deposition of Ag or Zn precursors on the surface of core-shell silica seeds. After 
calcination, all the characteristic peaks from PS core and precursors of outer 
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layer have disappeared indicating the complete removal of PS cores and 
transition of precursors to metal oxide or Ag nanoparticles. 
UV-Vis NIR absorption spectra (Figure 5.14) display the characteristic peaks 
of dopant on hollow silica spheres respectively. The characteristic peaks at 374 
nm and 314 nm indicate the existence of ZnO and TiO2 outside the silica 
spheres. The spectrum of HS300-Ag display a broad absorption ranging from 
300 to 600 nm with a summit at 440 nm due to the surface plasmon resonance 
effect of Ag nanoparticles formed upon heat decomposition [136, 144]. With the 
same argument, the diffuse reflectance spectrum of HS300-Ag hollow spheres 
starts to drop sharply from 1300 nm and down to 55 % at 200 nm (Figure 5.15). 
As known that ZnO and TiO2 are wide band gap semiconductors and have been 
widely used as the UV absorbers [147, 148], hence HS300-TiO2 and HS300-
ZnO display a much lower reflectance in UV-Vis wavelength range than HS300 
spheres. However, in the NIR wavelength range which is the main heat source 
in solar spectrum, the three composite hollow spheres present a much higher 
reflectance than not only hollow silica spheres but also the reference BaSO4 
board whose reflectance is regarded as 100 %. Figure 5.16 shows the solar 
reflectance profiles of coatings with composite hollow spheres incorporated in 
which their high reflectance in NIR region doesn’t compensate their extremely 
low reflectance in UV-Vis wavelength range.  Thereby, on the whole, the 
performance composite spheres is worse than that of primer hollow spheres 
which results from the reduced surface area, weakening the fusion between 
polymer binder and hollow composite spheres. All in all, compared to hollow 
silica spheres, the high-reflectance range of composite hollow spheres is 
narrowed down but their extraordinary high reflectance in NIR wavelength 
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range could be applied to more specific area such as NIR-reflecting 
camouflage. Moreover, their strong absorbance in UV wavelength range is 
desirable to prevent UV damages to primer coatings in commercial application. 
 
Figure 5.13 The FTIR spectrums of series of hollow spheres and core-shell 
spheres before calcination. 
 
 
Figure 5.14 The absorbance profiles of hollow silica spheres and bi-layered 
hollow spheres with TiO2, ZnO and Ag coated outside. 
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Figure 5.15 The diffuse reflectance spectrum of hollow silica spheres and bi-
layered hollow spheres with TiO2, ZnO and Ag coated outside. 
 
 
Figure 5.16 The solar reflectance profiles of hollow silica spheres and 
composite hollow spheres. 
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In this chapter, a facile emulsion polymerization and sol-gel process are 
combined to harvest core-shell structured PS@SiO2 spheres without exchange 
of solvent or functional modification of the template core. On the basis of this 
method, hollow silica spheres with tuned thickness, diameters and metal oxide 
or metal nanoparticles coated on the surface are prepared. The diffuse 
reflectance spectroscopy was conducted to investigate their optical property in 
the UV-Vis and NIR wavelength range, through which it is shown that the 
reflectance of hollow silica spheres in NIR region is enormously enhanced to 
nearly 100 % compared to 50 % of solid silica spheres. It is also found that the 
varied shell structure obtained from controlled amounts of silica precursors 
plays a role in reflectance of hollow silica spheres by determining their surface 
area. The mesopores and chambers of hollow spheres provide opportunities for 
light to conduct multiple refractions and hence improve the scattering intensity 
of light but could also result in absorbance of light because of the destructive 
interference. Among hollow silica spheres in nano-scale, submicron-scale and 
micron-scale, micron-scaled spheres perform best in reflecting light in NIR 
wavelength range. At last, TiO2, ZnO and Ag modified hollow silica spheres all 
display an improved reflectance in NIR region but decreased reflectance in UV-
Vis region due to their high absorption to light. This high reflectance in NIR 
region of hollow spheres provides their possibility to be applied as pigments for 
NIR reflective coating since the main heat source from sun comes from NIR 
wavelength range while the high absorption of them offers an opportunity to 
prevent UV damage to primer coatings in commercial applications.   
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Chapter 6 Enhancement by Zn-doping on the 
Solar-Reflective Performance of TiO2 Hollow 
Microspheres  
Abstract: TiO2 has been identified as an effective pigment for solar reflective 
coatings because it possesses a higher near infrared (NIR) reflectance than silica 
or other clay-based oxides. In contrast to irregular solid TiO2 particles, this 
work explores TiO2 hollow spheres (~1 µm) and their doped form containing 
Zn in the shell through a tailored protocol and investigates the influence of such 
structural modifications on the UV-Vis-NIR reflection performance. The 
tailored synthesis protocol makes use of glycine or lysine to form the template 
for sol-gel condensation of Ti(IV)-alkoxide via the in-situ step polymerization 
of amino acids under a solvothermal condition. Lysine has been identified to 
give rise more effective solar reflectivity as it has stronger chelating effect with 
Ti
4+
 initially than glycine but less integrity for hollow micro-spherical structure. 
Following this context, the study uses a combination of glycine and a typical 
chelating agent to enhance both needs and incorporation of Zn
2+
 ion into the 
sol-gel condensation. Indeed the chelating effect is pronounced. Degusa-P25

 
(anatase TiO2) is employed as the control sample for the above studies. The 
XRD and dielectric constant characterization have proved that the doping of Zn 
distorts the electric field of TiO2 matrix but without phase change and hence 
leads to improved permittivity, influencing the reflectivity performance of them 
to solar light. The study also pursues the rutile counterpart through raising 
calcination temperature, which leads to a higher reflectance in NIR region. The 
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main contribution of this study is the combination of chelation with sol-gel 




Crystalline materials, particularly of metal oxide particles, possess interesting 
optical properties such as increased band gap and enhanced fluorescence 
intensity. Usually they could be prepared into unique shapes or structures, 
making them useful for a variety of applications including coatings.[149] TiO2 
and ZnO, in particular, are the most widely used materials in the coating 
industry due to their chemical stability and high refractive indices.[150] TiO2 
exists in nature in three crystalline structures: rutile, anatase and brookite, 
among which rutile is the most common and stable form for use of solar 
reflective pigment. An average refractive index (n) of 2.7 has been reported for 
rutile TiO2 and 2.6 for the anatase structure which allows them effectively 
scattering light through reflection and refraction. ZnO also exists in nature with 
two main crystalline forms: wurtzite and zinc-blende. The wurtzite structure is 
the most common and stable form whose refractive index has been found 
located between approximate 2.0 and 2.3. In addition, Irimpan et al. measured 
the refractive index values for composite of TiO2 and ZnO with varied 
compositions, which turns out to be much greater than the refractive index of 
the individual oxides.[151] Hence it could be expected that modification 
performed by doping Zn on the crystal structure of TiO2 matrix could improve 
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the electrical susceptibility of the composite and thereby enhance their 
reflectance performance.  
Various morphologies of TiO2 and ZnO have been fabricated, including rod, 
whisker, tube, solid and porous spheres. Among these structures, hollow 
structure has gained great attention compared to their solid counterparts due to 
their low density, high surface area, good surface permeability and larger light-
harvesting efficiency. Due to the porous interior, multiple light diffraction and 
reflection can occur, thereby enhancing the reflectance properties.[152, 153] 
Shangjun Ding et al. have developed a facile solvothermal method to prepare 
hollow TiO2 spheres by applying glycine as the sacrificial template [150] in 
which amorphous glycine was dispersed in its non-solvent and subsequently 
melt to spherical shape in the solvothermal process.  In this thesis work, another 
kind of amino acid, lysine, with higher capability to coordinate with metal 
precursor is used to prepare hollow TiO2 spheres, leading to a higher surface 
area and a better performance in solar reflectivity. Based on this idea, a 
secondary ligand for complex with Zn were introduced to prepare Zn doped 
hollow TiO2 spheres. Doping of Zn in TiO2 matrix plays a role in distorting the 
electric field of materials, bringing about an enhanced dielectric constant, 
thereby a higher refractive index of it according to the equation below: 
n = √εr (6.1) 
where n is the refractive index and εr is the materials’ dielectric constant or 
relative permittivity. According to the relationship between refractive index and 
scattering intensity illustrated by Fresnel equation: 
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  [154] (6.2), 
the improved reflectance of Zn doped hollow TiO2 spheres could be expected. 
 
 
6.2 Experimental  
6.2.1 Preparation of hollow TiO2 spheres 
A suspension of 1.0 g amino acid (glycine or lysine) and 50 mL anhydrous 
ethanol was stirred in a sealed vessel for 1 hour at room temperature. 1.5 mL 
titanium n-butoxide (TNB) was then added to the suspension and after 1 hour’s 
stirring, the mixture was transferred into a 50 mL Teflon-lined steel autoclave 
reactor. The steel autoclave was heated up to 200 ˚C for 20 hrs without stirring 
and then cooled gradually to room temperature. The resulting precipitate was 
washed with anhydrous ethanol by filtration and dried overnight. Subsequently 
amino acid core was calcined in air at 500 ˚C for 4 hrs. 
6.2.2 Fabrication of Zn-doped TiO2 hollow spheres  
A suspension of 0.9 g glycine and 50 mL anhydrous ethanol was stirred in a 
sealed vessel for 20 minutes at room temperature. 0.1 g of a secondary ligand 
was introduced including ethylenediaminetetraacetic acid (EDTA), lysine or 
methionine and certain amount of ZnCl2 was added as the doping starting 
material, keeping stirring for 1 hour. The molar ratio of ligand to Zn
2+
 allows 
the maximum coordination for the complex. Subsequently, 1.5 mL TNB was 
added in and the mixture was transferred to the autoclave, the same with the 
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procedures of preparation of hollow TiO2 spheres. While the temperature 
program is changed to dwell at 90 ˚C for 1 hour first to conduct the complete 
coordination of ligand and metal ion and then maintain at 200 ˚C for 20 hrs. 
The resulting precipitate was washed with anhydrous ethanol and dried 
overnight. The as-prepared sample was calcined in air at 500 ˚C for 4 hrs to 
obtain Zn doped hollow TiO2 spheres in anatase phase. With the same 
preparation procedure but a calcination temperature at 1000 ˚C, Zn doped 
hollow TiO2 spheres in rutile phase could be harvested.  
6.2.3 Preparation of coating solution 
The powders obtained were dispersed in a binder solution which was prepared 
by dissolving 0.5 g of paraloid B-82 in 3 mL of toluene and 3mL of methyl 
ethyl ketone (MEK) under continuous stirring at room temperature in a sealed 
container. 0.05 g of the fabricated powder was added to 1 mL of the coating 
solution. (weight ratio of powder to B-82 is 40:60) The mixture was sonicated 
till the powders were finely and evenly dispersed in the coating solution. A 
glass slide was used as the substrate and a uniform coating on the substrate was 
attained by a spin-coating process, operated at 600 rpm for 10 s. After spin 
coating, the coated glass substrates were left to dry completely at 120 ˚C in the 
oven for about 20 minutes.  
6.2.4 Characterization 
Transmission electron microscopy (TEM) was used to investigate the hollow 
structure of TiO2 spheres and their Zn-doped form and energy-dispersive X-ray 
(EDX) spectroscopy test was carried out by JED-2003 Analysis station 
connected to determine the atom ratio of Ti to Zn as well as their distribution in 
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the fabricated material. Field Scanning Electron Microscopy (FESEM) was 
used to study the surface morphology and shell structure of hollow spheres. The 
powder was ground before FESEM sample preparation, as damaged spheres 
would give a better indication of the presence of hollow chamber, by exposing 
the cross-sectional area of the spheres. X-Ray diffraction (XRD) analysis 
(Gadds XRD machine) was carried out to examine the crystalline phase 
structure of the specimens. Diffraction data in a 2θ range of 0-100˚ were 
recorded continuously at a rate of 2˚ per minute with a step function of 0.02. 
The X-ray is Cu Kalpha radiation, whose wavelength is 1.54184 Å. BET 
analysis was conducted for the samples to obtain their surface area, size 
distribution and nitrogen adsorption/desorption isotherm profile. Dielectric 
constant of material was determined by thermal analyzer (DETA, DS6000) 
scanned from 0.1 kHz to 100 kHz at room temperature. The testing pellet (ca. 
13 mm  0.5 mm) was prepared by pressing a powder (0.1 g) in a cylindrical 
die-set to 7.5 metric tons for 5 min. The solar spectrum reflectometer and UV-
Vis NIR spectrometer mentioned in characterization in chapter 5 were applied 
to study solar reflectance of coatings with specimens incorporated and diffuse 
reflectance of the specimens. 
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6.3 Results and Discussion 
6.3.1 Reflectance performance of hollow TiO2 spheres synthesized with 
varied amino acid in solvothermal method 
The TEM images in Figure 6.1 shows the hollow structure of TiO2 spheres 
prepared with glycine (a) and lysine (b) as the template in solvothermal process. 
They will be denoted as HTS-glycine and HTS-lysine in which “HTS” is short 
for “hollow TiO2 spheres” and the word after the hyphen illustrates the amino 
acid used in the reaction system. A more porous shell could be observed for 
HTS-lysine compared to HTS-glycine in the TEM images, and it is also 
supported by the BET analysis in which the surface area for HTS-lysine and 
HTS-glycine are 99.1 and 54.1 m
2
/g respectively and the hysteresis loop in 
nitrogen adsorption/desorption isotherm profile (Figure 6.2) of them indicates 
their mesoporous structure shown. The pore size distribution profiles of HTS-
lysine and HTS-glycine, inset in Figure 6.2, show that the pore sizes of the 
obtained hollow TiO2 spheres are both around 2 nm. As reported, the role of 
glycine in solvothermal synthesis is the core template for the fabrication of 
hollow TiO2 spheres since it cannot be dissolved in the ethanol but will melt 
into small particles under high temperature [150]. In the present study, when the 
amino acid used is lysine, though it is not dissolvable in the solvent either, a 
higher capability to form the complex with titanium precursor is ensured by its 
second functional group at a more distant position [155]. Another evidence for 
its higher coordination ability for titanium precursor is that lysine dissolved 
instantly in ethanol, forming a clear solution after TNB was added into the 
mixture at room temperature. It is deduced that the lysine in lysine-Ti complex 
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units occupies some interior space and contributes to a looser network of Ti-O-
Ti which explains the more mesoporous structure and higher surface area of 
hollow TiO2 spheres prepared with lysine. 
 
 
Figure 6.1 The TEM images of hollow TiO2 spheres prepared by solvothermal 
method with different amino acid as template.  
 
 
Figure 6.2 The nitrogen adsorption/desorption isotherm profile of HTS-glycine 
and HTS-lysine and the inset figure is the size distribution profile of them. 
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   The XRD patterns of the two as-prepared hollow TiO2 spheres in Figure 6.3 
reveal their anatase crystalline structure through the characteristic diffraction 
peaks at 2θ ~ 25.38˚, 37.74˚, 47.82˚, 53.9˚, 55˚, 62.66˚, 69˚, 69.8˚, assigned to 
(101), (004), (200), (105), (211), (204), (106), (220) crystal planes of anatase 
TiO2. However, for crystal planes of (105) and (211), whose diffraction peaks 
locate at 53.8˚ and 54.12˚ for HTS-lysine while at 53.04˚ and 56.1˚ for HTS-
glycine, a slight shift for HTS-glycine from the standard diffraction peak of 
anatase TiO2 could be observed, due to the strain effect in formation of anatase. 
The crystalline sizes of HTS-glycine and HTS-lysine are 9.7 and 8.1 nm 




  [156] (6.3) 
where K is the shape factor which has a typical value of about 0.9,  λ is the 
wavelength of X-ray irradiated (0.1541 nm for Cu Kα) , β is the half width (rad) 
and θ is the angle with maximum diffraction. The smaller crystallites size of 
HTS-lysine could be attributed to the formation of complex lysine-Ti before the 
solvothermal treatment. 
The diffuse reflectance of hollow TiO2 spheres and solar reflectance of their 
coatings’ counterpart were investigated and displayed in Figure 6.4 and Figure 
6.5. Commercial available product P25 (TiO2 nanoparticles with diameter of ca. 
21 nm) was used as the control sample in the reflectance characterization, 
whose BET surface area is ca. 50 m
2
/g and the weight ratio of anatase phase to 
rutile phase in it is around 80/20 [149]. Figure 6.4 shows that the diffuse 
reflectance intensities of as-prepared hollow TiO2 spheres in NIR region are 
stronger (> 100 %) than commercial P25 (≈ 90 %) due to their larger diameters 
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regarding to the intense Mie scattering. In addition, HTS-lysine shows a higher 
reflectance in NIR region but a slightly lower reflectance in UV region ranging 
from 200 to 400 nm. Similar to the effect discussed in chapter 5.3.1, in which 
the surface area effect of hollow silica spheres was discussed, the larger surface 
area of HTS-lysine contributes to its higher reflectance in NIR region because 
of enhanced refractions but also increases the absorption of light in UV region, 
causing the reduced reflectance.  
Figure 6.5 illustrates the solar reflectance profile of coatings with HTS-lysine, 
HTS-glycine and P25 particles incorporated as pigments. In general, as-
prepared TiO2 samples display a better performance in solar reflectance than 
P25 while P25 coating owns the highest reflectance in the UV wavelength 
range, consistent to the results of diffuse reflectance characterization. In the 
comparison between HTS-glycine and HTS-lysine, the latter possess a more 
distinct advantage in reflectance than the former corresponding to their 
performance in diffuse reflectance. 
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Figure 6.3 The XRD patterns of hollow TiO2 spheres prepared by solvothermal 
method with different amino acids. 
 
 
Figure 6.4 The diffuse reflectance of hollow titanium dioxide spheres using 
different amino acids as templates in solvothermal reaction. 
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Figure 6.5 The solar reflectance profile of coatings with HTS-glycine, HTS-
lysine incorporated as pigments and TiO2 nanoparticles P25 is used as control 
sample. 
 
6.3.2 Enhanced solar reflectance performance of Zn doped TiO2 hollow 
spheres 
On the purpose of doping Zn into hollow TiO2 spheres, a secondary ligand is 
introduced into the solvothermal reaction system to chelate with zinc chloride. 
Glycine was used as the primary amino acid to provide template core for hollow 
structure. The complex structures formed from Zn ion and various secondary 
ligands are illustrated in Figure 6.6. The ligand-Zn coordination complexes 
aggregate towards the glycine template through the attractive electrostatic 
interactions between the R-groups of the ligands and glycine, thereby allowing 
Zn to be doped within the lattice structure. Specific molar ratio of Zn
2+
 and 
ligand is chosen for selected ligand respectively such that the Zn
2+
 ion can be 
effectively covered by the ligands. The structure resulted from this assumption 
is validated by the FESEM images (Figure 6.7) of hollow TiO2 spheres (HTS) 
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and hollow Zn doped TiO2 spheres (HZTS). The samples for FESEM 
characterization were ground for a while to produce some broken spheres for 
observation of the hollow structure and thickness of shell formed. The FESEM 
images display that compared to HTS spheres, HZTS spheres’ surface is much 
rougher and assembled by enormous aggregated nano-grains, providing the 
evidence of aggregation of ligand-Zn complex by electrostatic interaction.  
 
Figure 6.6 The complex structure of Zinc-lysine, Zinc-methionine and Zinc-
EDTA. 
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Figure 6.7 FESEM images of hollow TiO2 spheres and Zn doped hollow TiO2 
sphere which are designated as HTS and HZTS respectively. 
 
Figure 6.8 displays the TEM images and mapping mode of EDX images of 
Zn doped TiO2 hollow spheres prepared by different ligands (methionine; lysine 
[155, 157]; EDTA [158, 159]) which could coordinate with Zn as reported, in 
which hollow structure has been developed for all the HZTS spheres and the 
EDX images indicate the uniform distribution of Zn in the hollow spheres. 
Though the input molar ratio of Ti to Zn in the reaction system is maintained at 
8:1, different chelating capability of ligands leads to the different atom ratios of 
Ti to Zn of resultant which is 12:1 for HZTS-glycine/methionine, 12.5:1 for 
HZTS-glycine/lysine and 9.2:1 for HZTS-glycine/EDTA calculated by JED-
2003 analysis station. To prove the necessity of a secondary ligand for Zn 
doped TiO2 hollow spheres, a control experiment was conducted without a 
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secondary ligand and the molar ratio of Ti and Zn in the resultant is 21.2 to 1, 














Figure 6.8 The TEM images and EDX mapping scan images of Zn doped 
hollow TiO2 spheres with different secondary amino acids used. 
 
In the diffuse reflectance spectra (Figure 6.9), it is interesting to note that Zn 
doped hollow TiO2 spheres have a much higher reflectance property in NIR 
wavelength range compared to hollow TiO2 spheres. With BaSO4 board as the 
EDTA 
Atom ratio = 12:1 
Methionin
 
Atom ratio = 12.5:1 
Lysine 
Atom ratio = 9.2:1 
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reference with 100 % reflectance to the complete wavelength range, the 
reflectance of HZTS spheres could even reach up to 140 % in NIR region and 
slightly decrease in 200 to 400 nm (UV region). In addition, largely enhanced 
diffuse reflectance in NIR region of HZTS spheres also results in a higher 
overall solar reflectance of their coatings than that of HTS coating (Figure 
6.10). Among the three kinds of HZTS spheres, scarce difference of reflectance 
in NIR region could be observed and small difference in UV region is displayed 
in the order of HZTS-glycine/EDTA > HZTS-glycine/methionine > HZTS-
glycine/lysine, consistent to which, their coatings’ solar reflectance recorded 
(Figure 6.10) follows the same sequence with the order of diffuse reflectance in 
UV region. Since their diffuse reflectance in NIR region is almost the same, 
their performance in coatings tends to be dominated by their diffuse reflectance 
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Figure 6.9 The diffuse reflectance spectrum of Zn doped hollow TiO2 spheres 
and pure hollow TiO2 spheres. 
 
 
Figure 6.10 The solar reflectance profile of coatings incorporated with Zn 
doped hollow TiO2 spheres and pure hollow TiO2 spheres.  
 
Generally, the improved reflectance could be attributed to the distortion of 
electric field of resultants, resulted from the doping of Zn ion into TiO2 matrix. 
The effect of doped Zn on the crystalline structure of materials is determined by 
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the X-ray diffraction measurements (XRD). The XRD patterns in Figure 6.11 
present that anatase phase of TiO2 is formed for all the specimens while no 
characteristic diffraction peak of ZnO could be observed for Zn doped samples. 
In principle, the crystalline structure change by doping largely depends on the 
charge and ionic radius of dopant. The dopant with a lower charge than Ti
4+
 
could alter the concentration of oxygen vacancies up to its position in the TiO2 
matrix, replace Ti in TiO2 matrix or occupy the interstitial position, depending 
on its size and concentration. In this case, the ionic radius of Zn
2+
 (0.60 Å) is 
quite similar to that of Ti
4+ (0.68 Å) so that Zn2+ may substitute Ti or occupy 
the interstitial position easily without distorting the original crystal structure, 
thereby maintain the anatase phase of TiO2 [160]. 
However, with the doping of Zn in the matrix, it does, show a broader and 
merged peak at plane 105 as compared to raw TiO2 spheres which means that 
the doped Zn in the lattice structure of anatase TiO2 plays a role in forming a 
modified crystal structure, with changed reflective and refractive properties. 
The crystalline sizes of Zn doped TiO2 hollow spheres and raw hollow TiO2 
spheres have been calculated  and listed in Table 6.1, in which no matter for 
anatase phase or rutile phase of hollow TiO2 spheres, the doping of Zn results in 
a decrease in crystalline size of materials. As reported, the reduction of crystal 




 whose ionic radius is 
smaller than that of Ti
4+
 [161].  
Therefore, it could be predicted that with Zn doped in the interstitial position 
of the TiO2 matrix, the electrical susceptibility of the lattice structure is 
improved. The addition of Zn
2+
 causes an increase in the overall charge of the 
lattice, leading to the distortion of the overall electric field on the structure. This 
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distortion of the electric field increases the permittivity of the materials, and 
hence, its refractive index, relating to its property of reflectance. The 
permittivity values of as-prepared samples are presented in Figure 6.12, in 
which HZTS-glycine/EDTA displays a significantly higher permittivity than the 
others, followed by HZTS-glycine/methionine, HZTS-glycine/lysine and HTS-
glycine. It seems like that the relatively higher concentration of Zn doped 
donates to a higher permittivity. Mechanistically, the refractive index is 
proportional to the square root of permittivity, hence a higher permittivity 
meaning a higher refractive index, would contribute to a better reflectance 
performance, demonstrated by the corresponding order of reflectance and 
permittivity in this work: HZTS-glycine/EDTA > HZTS-glycine/methionine > 
HZTS-glycine/lysine > HTS-glycine.  
 
Figure 6.11 The XRD patterns of Zn doped hollow TiO2 spheres prepared with 
glycine and varied secondary amino acids and pure hollow TiO2 spheres 
prepared with glycine. 
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Table 6.1 The crystallite sizes of as-prepared samples calculated according to 
Scherrer’s equation. 
Sample name Crystallite size d (nm) 
HTS-glycine (anatase) 9.7 
HZTS-glycine/EDTA (anatase) 9.1 
HZTS-glycine/methionine (anatase) 8.5 
HZTS-glycine/lysine (anatase) 6.5 
HTS-glycine (rutile) 27.3 
HZTS-glycine/EDTA (rutile) 21.6 
HZTS-glycine/methionine (rutile) 24.1  




Figure 6.12 The permittivity versus frequency scan of prepared samples at 
room temperature. 
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Compared to anatase phase of TiO2, rutile phase is more popular to be 
investigated as pigments for solar reflective coatings because of its slightly 
higher refractive index (n=2.9 at 589 nm) than that of anatase phase (n=2.5 at 
589 nm). Hence, the calcination temperature for the as-prepared specimens was 
elevated to 1000 ˚C for 4 hrs to harvest hollow spheres with rutile phase. The 
XRD characterization of them (Figure 6.13) displays the characteristic 
diffraction peaks for rutile TiO2 at 27.4˚, 36˚ and 54.2˚, representative of crystal 
planes of (110), (101) and (211) respectively. In addition, the extremely high 
calcination temperature gives rise to the formation of compound zinc 
orthotitanate (TiZn2O4) which is usually formed in solid state reaction above 
1000 ˚C as reported [162] and its characteristic peaks at 29.8˚, 35˚, 42.5˚ were 
displayed in the XRD pattern of series of HZTS samples.  
Figure 6.14 records the diffuse reflectance of specimens in rutile phase. 
Generally, no matter for hollow TiO2 spheres or their Zn doped form, the 
transformation from anatase to rutile phase results in a significantly increased 
reflectance in NIR region which could reach up to ca. 160 %. The largely 
increased crystalline sizes of rutile phase (Table 6.1) are responsible for the 
improvement. Different from series of anatase specimens, doping of Zn does 
not assert its superiority in the reflectance in NIR region since HTS-glycine R 
reflects slightly more than others while in UV region, the doped Zn 
significantly improved the reflectance for ca. 20 % to 40 % compared to 
reflectance of HTS-glycine R. In spite of the high reflectance of rutile TiO2 
spheres, from the view of practicality, the rutile samples are not easy to be 
dispersed in the coating solution due to their large crystalline sizes. Therefore, 
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the technology of incorporating rutile TiO2 samples to obtain solar reflective 
coatings needs to be improved in future work.  
 




Figure 6.14 The diffuse reflectance of HTS and HZTS spheres calcined under 
1000˚C. 
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In this work, hollow TiO2 spheres were synthesized firstly by solvothermal 
reaction system in which amino acids were introduced as the templates. When 
lysine was applied instead of glycine, its higher activity to coordinate with Ti 
precursors prompts the formation of a more porous hollow structure with higher 
surface area, resulting in higher NIR reflectance but a lower reflectance in UV 
region. Based on the glycine-used preparation procedures, a secondary ligand 
was incorporated to introduce Zn into hollow TiO2 spheres and different 
capabilities of various secondary ligands to complex with Zn ion result in 
different amounts of Zn introduced. The XRD characterization and dielectric 
constant analysis provide evidence for that doping Zn into TiO2 matrix distorts 
the electric field without disturbing the anatase phase of TiO2, giving rise to 
increased dielectric constant of materials. The diffuse reflectance spectroscopy 
has shown the increased dielectric constant value leads to the improvement on 
the diffuse reflectance of as-prepared samples in NIR wavelength range. 
Subsequently samples in rutile phase were synthesized by elevating the 
calcination temperature and the transformation from anatase to rutile phase of 
samples brings about an improved reflectance in general due to the increased 
crystal size as expected.  
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Chapter 7 Conclusion and Recommendation for 
Future Work 
7.1 Conclusion 
In this thesis, two aspects of solar reflective coatings have been focused on: one 
is the preparation of polymer coatings with specific morphology; the other is 
the investigation of structure effect of hollow inorganic spheres incorporated 
into polymer coatings. The achievements in these two aspects will be 
summarized in the following sections. 
7.1.1 Conclusions for pure polymer coatings 
Since polymer is the factor with less attention paid by researchers for improving 
the solar reflectivity of coatings due to polymer’s low refractive index, effort 
needs to be made on the morphology of pure polymer coatings to enhance its 
scattering activity to light.  
PS was firstly chosen to cast a coating in a drying process with phase 
inversion was induced. An unusually high solar reflectance reaching up to 80 % 
was observed for this PS coating compared to most of normally prepared PS 
coatings with only about 10% reflectance. The phase inversion process was 
introduced by the application of a water-miscible solvent, DMF. When a PS-
DMF solution is cast on substrate and exposed to ambient condition with high 
relative humidity, the water-miscibility of DMF satisfied the requirement of 
phase inversion and its low evaporation rate also provided enough time for it to 
absorb ambient moisture into the polymer layer at the same time. The 
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subsequent changes include gradual phase separation, starting from chain 
packing to nucleation, then the formation of porous submicron grains and 
finally to the development of micron bumps. The three elements in this 
hierarchical assembled structure play the critical role in attaining a high solar 
reflectance in different wavelength ranges. In addition, the resulting PS topcoat 
manifests a lower capability of storing thermal energy on surface than a TiO2-
dorminant composite coating which is a commercially widely-used pigment for 
solar reflective coatings. 
On the basis of the finding on PS coatings, copolymer with a very low dose 
(≤ 1 𝑚𝑜𝑙%) of 4-vinylpyridine (4-VP) copolymerized with styrene in an o/w 
emulsion was used as the polymer in the same casting system. Through 
emulsion polymerization and hydrophilicity of 4-VP, a pseudo block-
copolymer chain structure is obtained, in which 4-VP units concentrate in a 
short end-segment of a PS-dominant long chain. Though according to 
1
H-NMR 
characterization, the real content of 4-VP in the resulting copolymer is lower 
than monomer input for polymerization but apparently the minor content of co-
monomer is insignificant to boost the solar reflectivity of copolymer coatings 
(80 %) versus its pristine PS counterpart. The pseudo-block chain structure of 
copolymer prompts a similar but more obvious three-stage evolution to PS 
coating: from elementary nanoparticles (~10 nm) to submicron granules (50-
100 nm) and lastly to a random collection of the granules to construct a rough 
topography in micron scale. It has been demonstrated that the presence of the 
micron-bumps formed from coalesced nanoparticles is crucial to the reflection 
of NIR irradiation. Therefore, a breath-figure patterned film cast from 
copolymer with increased 4-VP content displays a significant reduction in the 
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NIR reflectance due to the replacement of micron-bumps by holes. The 
production of breath figure pattern is attributed to the loss of pseudo block-
copolymer chain structure because of increased spreading of 4-VP units in the 
PS chain. To justify the crucial role of emulsion polymerized copolymer, two 
control samples from solution blending of PS and 1 % P4-VP (based on 
monomer unit) and solution copolymerization of 1 % 4-VP and S give the two 
reference ranks of solar-reflectance. Besides, the substitution of another 
hydrophilic monomer instead of 4-VP at the 1 mol% content in feed with 
respect to styrene was attempted among which 1-vinyl imidazole gives the 
highest solar reflectance, which is presumably associated with the conjugation 
of dipoles.   
7.1.2 Conclusions for reflective inorganic pigments in polymer coatings 
Hollow silica spheres were synthesized and used as the reflective inorganic 
pigments which are of high importance to improve the optical property of cool 
coatings.  A facile emulsion polymerization and sol-gel process are combined to 
harvest core-shell structured PS@SiO2 spheres in one-pot synthesis process 
without exchange of solvent or functional modification of template cores and 
hollow structure is subsequently attained by heat treatment. Varied shell 
structure could be achieved by controlling the amount of silica precursor fed in. 
The diffuse reflectance spectroscopy was conducted to investigate hollow 
spheres’ optical property to light in the UV-Vis and NIR wavelength range, 
showing that the reflectance of hollow silica spheres in NIR wavelength range 
is enormously enhanced to nearly 100% compared to 50% of solid silica 
spheres. It is found that reflectance of hollow silica spheres with different 
thickness mainly depends on their surface area which provides mesopores and 
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chambers for light to conduct multiple refractions and hence improves 
absorbance of light in comparable wavelength with the diameter of hollow 
spheres. Among hollow silica spheres in nano-scale, sub-micron scale and 
micron-scale, micron-scaled hollow silica spheres performs best in reflecting 
light in NIR wavelength range. At last, TiO2, ZnO and Ag modified hollow 
silica spheres all display an improved reflectance in NIR region and decreased 
reflectance in UV-Vis region due to high absorption or surface plasmon 
resonance effect. The high reflectance in NIR region of hollow spheres provides 
their possibility to be applied as pigments for solar reflective coating since the 
main heat source from sun comes from NIR wavelength range while the high 
absorption of them offers an opportunity to prevent UV damage to primer 
coating in commercial application. 
Since TiO2 is a more widely used material for solar reflective coatings due to 
its high refractive index, hollow TiO2 spheres and modified TiO2 spheres with 
Zn doped were synthesized by solvothermal reaction system for investigation of 
their different reflectance to light and influence as pigments to solar reflective 
coating. In this work, different amino acids with different capabilities to 
complex with metal ions were introduced into the preparation system of hollow 
TiO2 spheres as templates and ligands firstly. It has been demonstrated that 
amino acid with a higher activity to form complex with metal ions tends to 
increase the surface area of hollow TiO2 spheres and thereby their reflectance in 
NIR region. Based on this idea, different ligands were used to introduce Zn into 
hollow TiO2 spheres through complexing with Zn ion, resulting in varied 
amounts of Zn doped in the hollow TiO2 spheres. XRD characterization 
provides evidence for the fact that doping Zn into TiO2 matrix would not 
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disturb the anatase phase of TiO2 but distort the electric field, giving rise to the 
varied dielectric constant of materials, relating to reflectance performance. 
Thereby, doped Zn enhances the diffuse reflectance of anatase TiO2 spheres in 
NIR wavelength range due to increased dielectric constant value. Subsequently 
samples in rutile phase were obtained by varying the calcination temperature 
and the transformation from anatase to rutile phase of samples brings about an 
improved reflectance in general due to the increased crystal size.  
 
 
7.2 Recommendations for the future work 
Based on the conclusion of this thesis, the following suggestions are made for 
the future research on the enhancement of solar reflectivity of coatings and 
realization of commercial solar reflective coatings.  
7.2.1 Further modification of morphology polymer coatings 
In Chapter 4, copolymer of styrene with hydrophilic monomer is emulsion 
polymerized to obtain a pseudo-block chain structure which introduced the 
formation of the hierarchical assembled structure. In principle, a block 
copolymer chain structure should prefer to enhance the regularity and accuracy 
in development of hierarchical structure during drying courses. Though a cast 
film from block copolymer of styrene and 4-VP has been prepared in this thesis, 
the attempt failed because of its low molecular weight which provides freedom 
for movement of copolymer chains and thereby cannot aggregate to form nano-
grains. Therefore, an idea in the future work could be the polymer film cast 
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from block copolymer with high molecular weight. Recent reports have already 
brought up that block copolymer with high molecular weight could be 
assembled into various structure and pattern such as ordered line pattern[163] 
and cellular pattern[164] during solvent evaporation process. Hence, it could be 
expected that the combination of high-molecular-weight block copolymer of 
styrene with hydrophilic monomers and the phase inversion induced drying 
process could attain a polymer film with various patterned surface and hence 
enhance their reflectance to solar light. In addition, though the focus of this 
thesis is the microstructures of coating developed for reflective purpose, their 
thermal stability and sustainability to the erosion attack need to be considered 
for the future commercial application of the findings, additional studies are 
imperative such as combination of this polymeric coating with inorganic fillers.   
7.2.2 Surface modification of reflective fillers  
To further improve the optical property of reflective fillers prepared in this 
thesis, the surface modification of hollow spheres could be done by aggregating 
polyhedral oligomeric silsesquioxane (POSS) nanoparticles outside the shell 
which is expected to provide more inner space for light to process refractions 
leading to an enhanced reflectance. Besides, one of challenges in the application 
of solar reflective coatings on buildings or automobiles is that they may be 
broken easily by scratch or corrosion which will influence the performance of 
their optical properties. Since POSS is a kind of inert, optically transparent, and 
stiff material, with the Young’s modulus reaching 7.5 GPa [165], the POSS 
layer outside is expected to reinforce the mechanical properties of prepared 
coatings. Another problem appeared in the past work is the dispersion of hollow 
rutile TiO2 spheres in polymer matrix because of the increased crystal sizes and 
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hardness. To solve this problem, the functionality of cage POSS could be 
regulated and organic groups R attached at each apex of the POSS cage, could 
be looked forward to signiﬁcantly increasing the compatibility of the ﬁller and 
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